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Approximately 350 million years ago, ancient vertebrates transitioned from their ancestral aquatic home
to the terrestrial realm, where they evolved forms with functional capacities, we now take for
granted—morphologies that resist gravity and maintain robust locomotion in a three-dimensional,
heterogeneous environment. Over the next 100 million years, these terrestrial vertebrates (i.e., tetrapods)
would diversify into profoundly different habitats and even re-invade aquatic environments. Among the
changes associated with the water-to-land transition was the evolution of multipartite and complex
vertebral forms, only one of which remains prominent in all modern tetrapods. Previous workers sought
only to describe early vertebral morphologies for osteology-based phylogenetic studies. However, few
studies have explored what these early morphologies were capable of functionally, let alone tested
potential relationships between their morphology and function experimentally. Thus, the effects of
complex vertebral forms on spinal rigidity, correlations to new habitat invasions or reinvasions, and range
of motion remains unclear. My dissertation integrates cutting edge methods in paleobiology and
biomechanics to answer these critical questions in tetrapod evolution by: (1) investigating links between
vertebral diversity and habitat use in early amphibians that straddle the land-water divide
(Temnospondyli); (2) developing and validating through modern taxa a new method of osteological range
of motion study for ancient taxa ; and (3) combining 3D printing experimental techniques and osteological
range of motion to investigate intervertebral joint mechanics in several stem tetrapods. This work has
overturned previously held hypotheses of neural spine morphology in stem-amphibians and reptiles and
has demonstrated previously undescribed osteological limitations in complex vertebrae.
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ABSTRACT
THE EFFECTS OF VERTEBRAL MORPHOLOGY AND COMPOSITION ON STEMTETRAPOD INTERVERTEBRAL JOINT FUNCTIONAL BEHAVIOR
Aja Mia CARTER
Dr. Peter Dodson DODSON

Approximately 350 million years ago, ancient vertebrates transitioned from their
ancestral aquatic home to the terrestrial realm, where they evolved forms with functional
capacities, we now take for granted—morphologies that resist gravity and maintain
robust locomotion in a three-dimensional, heterogeneous environment. Over the next 100
million years, these terrestrial vertebrates (i.e., tetrapods) would diversify into profoundly
different habitats and even re-invade aquatic environments. Among the changes
associated with the water-to-land transition was the evolution of multipartite and complex
vertebral forms, only one of which remains prominent in all modern tetrapods. Previous
workers sought only to describe early vertebral morphologies for osteology-based
phylogenetic studies. However, few studies have explored what these early morphologies
were capable of functionally, let alone tested potential relationships between their
morphology and function experimentally. Thus, the effects of complex vertebral forms on
spinal rigidity, correlations to new habitat invasions or reinvasions, and range of motion
remains unclear. My dissertation integrates cutting edge methods in paleobiology and
biomechanics to answer these critical questions in tetrapod evolution by: (1) investigating
links between vertebral diversity and habitat use in early amphibians that straddle the
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land-water divide (Temnospondyli); (2) developing and validating through modern taxa a
new method of osteological range of motion study for ancient taxa ; and (3) combining
3D printing experimental techniques and osteological range of motion to investigate
intervertebral joint mechanics in several stem tetrapods. This work has overturned
previously held hypotheses of neural spine morphology in stem-amphibians and reptiles
and has demonstrated previously undescribed osteological limitations in complex
vertebrae.
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Introduction
The diversity of form in the spinal columns of recent animals is vast, but an even
greater diversity was present in our evolutionary history. Although vertebral shapes and
compositions were diverse through the late Paleozoic (350-250 million years ago), many
forms that were once ubiquitous are no longer seen in any modern taxa (Clack, 2012;
Gadow, 1895; Pierce et al., 2013; Rockwell et al., 1938). In very early terrestrial,
amphibious tetrapods, the spinal column likely had a propulsive role by increasing stride
length and providing a site to anchor powerful limbs (Azizi et al., 2002; Bennett et al.,
2001; Brainerd & Simons, 2000; Dilkes & Brown, 2007; Panchen, 1977; Parrington,
1967; Reilly et al., 2006; Reisz et al., 2009; Schilling, 2011; Witzmann & Schoch, 2005).
In many aquatic tetrapods, like their fully aquatic fish ancestors, the vertebral column
was responsible for the swimming gaits (Clack, 2012; Parrington, 1967, 1977; Sulej,
2007). As the vertebral column played either a supporting role or a propulsive role in
these ancient tetrapods, similar to limbs, it was subjected to many environmental
constraints (in the case of terrestrial taxa gravitational constraints, and aquatic taxa high
torques generated during swimming), and many diverse vertebral forms evolved
(Buckley et al., 2013; Fleming et al., 2015).
Although paleontologists have known about these diverse forms for over a
hundred years, quantitative and experimental techniques to investigate the effect of these
diverse forms on locomotion have only recently appeared (Holmes, 1989a, 1989;
Panchen, 1967, 1977; Parrington, 1967, 1977; Romer, 1947). In this thesis, I sought to
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elucidate the relationship between vertebral forms, both in shape (morphology) and
funcitional unit composition, and localized intervertebral joints from Paleozoic taxa.
Through quantitative study and the development of an improved method for modeling
intravertebral joint functional morphology, I evaluated previous hypotheses on
ecomorphological relationships.

1.1 Composition of the Spine
Vertebral columns, or 'spines,' are composed both of bony units called vertebrae
or vertebral bodies (osseous structures that are primarily responsible for resisting
compressive stresses) and soft tissues (including tendons and intervertebral cartilages)
(Rockwell et al., 1938). Two vertebral bodies and the soft tissues surrounding the
intervertebral joint typically comprise a functional vertebral unit.
Vertebral bodies are mineralized structures responsible for bearing compressive
stresses that are typically described in terms of a centrum (plural: centra, the ventral
element) and the neural arch (the dorsal element, Figure 1). In modern taxa, both
elements are derived from embryonic paired somites (blocks of mesoderm) that encircle
the notochord (to become centra) or the spinal cord (neural arches) (Brand-Saberi &
Christ, 1999; Buckley et al., 2013; Fleming et al., 2015; Lauder, 1980; Piekarski &
Olsson, 2014). In amniotes and two species of lissamphibians, centra are made of the
cranial end of the caudal somite and the caudal end of the cranial somite ("strict"
resegmentation) (Brand-Saberi & Christ, 1999; Morin-Kensicki et al., 2002). In fishes,
vertebrae arise similarly from somite precursors, but the resegmentation mode is
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different; in place of "strict" resegmentation the somites in fishes mix to a more
considerable extent in a mode called "leaky" resegmentation (Morin-Kensicki et al.,
2002; Piekarski & Olsson, 2014)
Centra in many taxa are characterized by the positions of osteological landmarks,
including their parapophyses (for rib attachments) on the lateral surfaces, ascending
processes (that fuse with neural arches), and attachment sites for intervertebral cartilages
(Figure 1) (Goodrich, 1931). Above (dorsal to) the centra is the neural arch. Neural
arches consist of the spinous process, the spinal canal, and in tetrapods and some highspeed swimming fishes, articular facets (including pre and postzygapophyses) and
laminae (Figure 1) (Goodrich, 1931). This general description fits most tetrapods, though
fishes have considerably more variation in their centra and supraneural elements (see
Arratia et al., 2001 for further review).
The soft tissue elements of the vertebral column include the spinal cord and the
notochord. The spinal cord is an extension of the central nervous system into the body
(Goodrich, 1931). It sits in the spinal canal of the neural arch, protected by a tough
fibrous sheath called the dura mater. The notochord is the embryonic tissue supporting
the nerve tube prior to the onset of ossification. When not lost in adulthood, the
notochord is housed in the notochordal canal. In most modern tetrapods it is replaced by
the intervertebral cartilage (Arratia et al., 2001; Brand-Saberi & Christ, 1999; Fröbisch et
al., 2010; Jonasson et al., 2012; Wake & Lawson, 1973; Werner, 1971; Willia, 1959 ). A
ring of fibrous tissues (the annulus fibrosus) and a viscoelastic center (the nucleus
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pulposus as developed from the notochord) composes the intervertebral cartilage
(Belytschko et al., 1974; Goodrich, 1931; Iatridis et al., 1996). This cartilage prevents
adjacent bony centra from coming into contact and causing wear of the bone (Rockwell et
al., 1938). Additionally, the intervertebral disc behaves as a dampening element,
preventing any excess rotational forces from displacing the intervertebral joint
(Belytschko et al., 1974; Iatridis et al., 1996). On a much smaller scale, articular
cartilages situated between articular facets prevent bone damage from bone-on-bone
contact in those locations as well as increase local stiffness.
The shape of the vertebral elements discussed above can vary within the body
(regionalization), and the total number of vertebrae can vary between species
(replication) (Jones et al., 2018; Jones et al., 2020). Regionalization, developmentally
determined by hox gene expression, is very high in mammals, and present but less
dramatic in crocodilians, and thus we can refer to both vertebral columns in terms of
these regions (e.g., cervical, thoracic, lumbar, sacral, and caudal series) (Jones et al.,
2018; Salisbury & Frey, 2001; Schilling, 2011). In most fishes, amphibians, and reptiles
we describe the vertebral column as a cervical series, a "dorsal" series that includes
lumbar and thoracic vertebrae, sacrum, and a caudal series (Jones et al., 2018; Nowroozi
et al., 2012; Worthington & Wake, 1972). The differences in shape that define these
regions can inform us of their biomechanical function. In conjunction with the number of
vertebrae in the entire body, and in each section of the body, we can begin to intuit the
total body function of the organism in question.
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1.2 The Relationship Between Morphology and Function
Bone morphologies in animals are related to what the structures are made of
(material constraints), the evolutionary history (phylogenetic constraints), and the
function of biological structure (functional) (Briggs, 2017) (Figure 2). Although these
constraints have played a role in the evolutionary history of tetrapods, I examine the latter
constraint, that form follows function. This baseline hypothesis forms the central tenet to
functional morphology, and in turn, ecomorphology. Functional morphology uses
fundamental mechanics (e.g., lever arms, lever types, moments) to relate the shapes of
biological structures to their ability and role in body functions (Briggs, 2017; Lauder,
1981; Alexander, 1989; Thomason, 1995). Many authors have established a relationship
between function and ecology in the vertebral columns of a host of taxa. Some of these
relationships are consistent across distantly related groups; they present baseline
hypotheses for forms found in the fossil record and suggest a similar underlying
mechanism in vertebral function.
1.2.1 The Relationships Between Vertebral Count and Flexibility
The total number of vertebrae is developmentally controlled by the rate of
somite development, and this total number effects overall spinal column flexibility
(Buchholtz & Schur, 2004; Fischer et al., 2010). The two main avenues by which change

in vertebral flexibility occurs is through changing intervertebral joint angles (via changes
in osteological morphology) or changing the total number of vertebrae (Brainerd & Patek,
1998; Buchholtz & Schur, 2004). When centra morphology is held constant, as the total
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vertebral number increases, more points of rotation are introduced to the spinal column,
and flexibility in a given anatomical plane increases (Brainerd & Patek, 1998; Buchholtz
& Schur, 2004; Kelley et al., 1997; Molnar et al., 2013; Morinaga & Bergmann, 2019;
Shapiro & Simons, 2002). This increase remains even when intervertebral angles remain
the same. In squamates and amphibians intervertebral motion is essential for lateral
undulation (depending on the species, lateral undulation provides 33-52% of forward
propulsion), and utilizing ecological niche space (Fischer et al., 2010; Ritter, 1998).
Damme & Vanhooydonck, 2002 found that lacertid lizards of the highly vegetated and
arboreal habitats had higher vertebral counts and proposed that a higher vertebral count
reflected adaptations necessary for flexibility (Damme & Vanhooydonck, 2002).
Conversely, chameleons have low vertebral counts, and this relative stiffness aids in their
peculiar arboreal lifestyle (Cobley et al., 2013; Stevens & Parrish, 1999; Upchurch,
2000). Similar to mammals, by changing the vertebral morphology, and thus lateral
bending behaviors, in the caudal trunk, arboreal animals develop parasagittal limbs
necessary for climbing. Though the cervical series in mammals is highly consistent with
a nearly invariant count of seven, the vertebral counts in other parts of the body vary.
Particularly in dolphins, changes in vertebral counts reflect both evolutionary histories
(ancient dolphins lived closer to shore and were less flexible) and changes in the
environment (Long et al., 1997; Viglino et al., 2014). Stevens and Parrish (1999), and
many subsequent studies proposed that changes in cervical vertebral morphology in
sauropods is reflective of niche partitioning due to dorsoventral flexibility (Christian &
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Dzemski, 2007; Cobley et al., 2013; Stevens, 2013; Stevens & Parrish, 1999; Taylor et
al., 2009; Upchurch, 2000).
1.2.2 The Effects of Neural Arch Morphology on Function

The neural arch has several components that can affect intervertebral motion.
Neural arch morphology can vary throughout an individual organism, as well as across
species. First, if we assume similar musculature attachment sites and articular facet
angles, increases in neural spine height (dorsoventral distance) increase the mechanical
advantage (ratio of force performed to force applied) of a muscle and decrease overall
intervertebral joint mobility (Figure 1) (Buchholtz & Schur, 2004; Long et al., 1997;
Pierce et al., 2011; Slijper, 1946). Slijper’s seminal work suggested orientation of the
neural arch is indicative of what is more critical in the vertebral column: cranially
inclined neural arches suggested mobility is favored over stiffnesses, and caudally
oriented neural arches suggested stiffness over mobility (Slijper, 1946). However, his
study was limited to mammals, and his hypothesis was related to the large dorsal
interspinous ligaments found in mammals; thus, his findings may not be accurate for taxa
without such ligaments. Indeed, crocodilians appear to have the opposite relationship
between neural spine angles and stiffness; more caudally oriented neural arches correlate
with stiffness (Molnar et al., 2014). Other mammalian-based studies have suggested that
by increasing the neural spine inclination closer to a perpendicular angle relative to the
long axis of the body, there will be an increase in rotational forces at the local
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intervertebral joint (Molnar et al., 2014; Shapiro & Simons, 2002; Viglino et al., 2014).
Further, by increasing the neural spine craniocaudal length, the neural arches restrict
rotation by narrowing the intervertebral space (Carrizo et al., 2014; Gambarjan, 1974).
Pre and postzygapophysis restrict vertebral rotation in the axes that intersect the
articular plane of the zygapophyses (Figure 1). A well-cited hypothesis states that
prezygapophyses that are more horizontally oriented relative to the long axis of the body
permit mediolateral flexion and resist ventral shear (Boszczyk et al., 2001; Buchholtz &
Schur, 2004; Pierce et al., 2011; Russo, 2010). Conversely, vertically oriented
prezygapophyses are indicative of a greater dorsoventral range of motion and a decreased
mediolateral range of motion (Boszczyk et al., 2001; Buchholtz & Schur, 2004; Pierce et
al., 2011; Russo, 2010; Shapiro et al., 2001). While these two relationships have been
well described in mammalian lumbar series, this relationship does not persist in
crocodilians. Molnar et al., 2014 suggested this may be due to the decreased change in a
prezygapophyseal angle across the entire crocodile vertebral column compared to
mammals (Molnar et al., 2014). Additionally, the width of the mediolateral distance
between prezygapophyses (lamina) and interzygapophyseal length between
prezygapophyses is highly correlated with a dorsal and mediolateral range of motion in
both mammals and crocodilians (Boszczyk et al., 2001; Molnar et al., 2014). Lastly, the
transverse processes, paired processes beside the neural spine, also affect intervertebral
joint behaviors (Figure 1). As the dorsoventral angle (Figure 1A, cranial view) of the
transverse process increases, so does flexibility in the intervertebral joint (Granatosky et
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al., 2014; Long et al., 1997; Pierce et al., 2011; Russo, 2010). Additionally, wider
transverse processes lead to greater ranges of motion in seals and dolphins (Long et al.,
1997; Pierce et al., 2011). When a transverse process width increases, the greater the
leverage for muscles that attach to the dorsal and ventral surfaces of the transverse
process, i.e., m. iliocostalis, and m. quadratus lumborum (Pierce et al., 2011; Shapiro,
1995).
1.2.3 The Effects of Centra Morphology on Function

Four main metrics can generally describe centra: length, height, width, and the
curvature of the articulating surfaces. If we first assume spinal columns with an equal
number of vertebral units, centra with short axial (craniocaudal) lengths produce minimal
rotation compared to centra with greater axial lengths (Buchholtz & Schur, 2004). An
increase in centrum width and height leads to a decrease in flexibility in intervertebral
spaces. Generally, centra width, length, and heights are considered together in
combination. Centra that are craniocaudally long and tall (disc-shaped) have more
intervertebral surface area, and this limits axial flexibility as compared to spool-shaped
vertebrae (long, low vertebrae) (Buchholtz, 2001; Buchholtz et al., 2005a; Buchholtz &
Schur, 2004; Long et al., 1997; Motani et al., 1996; Pierce et al., 2011). Some fishes use
changes in their centra length for regionalization; a decreased centrum length in Morone
saxatilis (Striped bass) in the caudal aspects of the body decreases the stiffness in the tail
and permits a greater range of motion. This change leads to highly efficient swimming
modes in the animal (Brainerd & Patek, 1998; Nowroozi & Brainerd, 2013, 2012).
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Additionally, the shape of the ends of the centra is functionally relevant. Centrum
ends can be cranially concave and caudally convex (procoelous, e.g., crocodiles),
cranially convex and caudally concave (opisthocoelous, e.g., salamanders, some
dinosaurs), dually concave (amphicoelous, e.g., fishes and many amphibians), saddledshape on both ends, (heterocoelous, e.g., turtles, birds), and lack concavity or convexity
partially (platycoelous, e.g., ichthoysaurs) or completely (amphiplatyan, e.g., humans)
(Hoffstetter & Gasc, 1969; Romer, 1956). Both opisthocoely and procoely protect

intervertebral joints from high stresses, without compromising mobility (Fronimos &
Wilson, 2017). Conversely, amphicoelous, and amphiplatyan vertebrae provide more
flexibility in comparison to opisthocoely and procoely (Fronimos & Wilson, 2017).
It is with this review that we can begin to understand morphological combinations
of vertebral elements in the fossil record. Taxa like embolomeres and aïstopods have high
vertebral counts (between 40-100 respectively) relative to other Permian tetrapods
(Holmes, 1989b; Parrington, 1967). Several scholars have proposed that both taxa have
high degrees of flexibility; however, some aïstopods are found in terrestrial deposits, and
embolomeres are strictly aquatic taxa (Holmes, 1989b; Parrington, 1967). How do
anguilliform taxa move in an aquatic environment compared to a terrestrial environment
(eels vs skinks)? Are there changes in their neural arches or centra that restrict
movement? These are questions we can approach with a functional morphological
mindset.
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1.3 Vertebral Types and Morphologies Found in the Paleozoic
Most modern taxa (except Gekkonidae and some members of Ambystomatidae)
have centra that lack a notochordal canal. This centra is completely fused to the neural
arch through pedicles (Jonasson et al., 2012; Wake & Lawson, 1973). This vertebral type
is called monospondylous, and prevalent now, but this was not always the case. In the
Paleozoic, it was only one of several fundamental forms of vertebral construction. These
other vertebral groups, including rhachitomous, stereospondylous, plagiosaurid,
embolomerous, gastrocentrous, and holospondylous, are no longer present in modern
spinal columns (Figure 3) (Danto et al., 2016). Rhachitomous vertebrae were the
predominant vertebral composition type of the earliest stem tetrapods (Pierce et al.,
2013). Developmentally similar to vertebrae from rhipidstian fishes, rhachitomous
vertebrae have crescentic cranioventral osseous elements (intercentra), caudodorsal
paired osseous elements (pleurocentra), and one associated neural arch (Figure 3)
(Laerm, 1979; Pierce et al., 2013; Romer, 1947). Taxa with this vertebral type
(Temnospondyli, other stem tetrapods) are diverse both in taxonomy and in known
depositional environments (DeFauw, 1989; Konietzko‐Meier et al., 2014; Schoch, 2014;
Warren & Snell, 1991).
Stereospondylous vertebrae, another form of multipartite vertebral unit, have an
enlarged intercentrum (in many cases forming a complete ring) with highly reduced or
highly cartilaginous pleurocentra (Danto et al., 2016, 2017; Konietzko‐Meier et al., 2014;
Warren & Snell, 1991). This vertebral type is seen only in Stereospondyli, a suborder
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within Temnospondyli. Some stereospondyls are reported as strictly aquatic
(Metoposauridae), and others semi-aquatic, akin to crocodiles (Cyclotosauridae), and
generally make up the largest-bodied of the temnospondyl clade (Mastodonsaurus
specimens have been found 4-6 meters in length) (DeFauw, 1989; Schoch, 1999; Sulej,
2007; Warren & Snell, 1991). There is only one known family of terrestrial
stereospondylous taxa, Lydekkerinidae (Pawley & Warren, 2005). An additional
multipartite vertebral type is the plagiosaurid case, seen only in one family of
temnospondyls, Plagiosauridae. The homology of plagiosaurid centra is still unclear, but
there are two centra of equal size that share one neural arch (Danto et al., 2016, 2017;
Konietzko‐Meier et al., 2014). Plagiosaurid temnospondyls are suggested to be strictly
aquatic, given their external gills and poorly ossified limbs (Konietzko-Meier & Schmitt,
2013; Sanchez et al., 2010).
In early stem amniotes, there are three main vertebral types, embolomerous,
gastrocentrous, and holospondylous (Danto et al., 2016). Embolomerous vertebrae, seen
only in Anthracosauria (a crocodilian-esque clade), have equal-sized intercentra and
pleurocentra that are perforated with a notochordal canal (Holmes, 1989b; Panchen,
1966). Gastrocentrous morphologies are found primarily in terrestrial reptiliomorphs
(though some dwarf taxa exist), and eventually large stem reptiles such as the
Diadectamorpha and Seymouriamorpha. Unlike the rhachitomous taxa, the main weightbearing element in gastrocentrous forms is the pleurocentrum (Danto et al., 2016). There
is a small cranioventral intercentrum in some taxa. Chroniosuchids have a variation of
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this form in which the crescentic intercentrum is replaced with a ball-shaped intercentrum
(Danto et al., 2017). Lastly, the holospondylous have vertebrae grossly similar to those of
modern ambystomids. The vertebral units are singular, fused, and have a notochordal
canal. In some microsaur groups, there is a small crescentic intercentrum. Lepsopondyls,
the paraphyletic group of microsaurs, aïstopods, and nectrideans, are found with
holospondylous vertebrae and are ubiquitous throughout a wide range of environments
(Carroll & Chorn, 1995; Parrington, 1967).

This thesis seeks to quantitatively illuminate the effects of vertebral morphology
and composition on the range of motion at local intervertebral joints and to investigate
the accuracy of previous morphologically-based hypotheses. This thesis will increase the
overall knowledge of morphology and its effect on intervertebral joint behavior.
In the Chapter 2, I use geometric morphometrics to analyze the shape diversity of
the earliest and most diverse group of tetrapods in the Paleozoic, the temnospondyls. If I
assume a single terrestrial tetrapod radiation event, temnospondyls were likely the first
group to invade and radiate into terrestrial environments (Pardo et al., 2017; Ruta &
Benton, 2008). Not only were they occupying terrestrial environments very early in their
phylogenetic history, they also reinvaded and diversified in aquatic environments (Ruta
& Benton, 2008; Schoch, 2013). Additionally, this group comprises much of the vertebral
diversity in the Paleozoic (50% of gross vertebral compositions), has a well-understood
phylogeny (permitting me the ability to test alternative hypotheses), and was a long-lived
clade, unlike many short-lived taxa of the Paleozoic. I quantify shape differences in the
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neural arches and intercentra of 33 species of temnospondyls across a range of total body
length sizes, environments, and geologic time bins using geometric morphometric
analyses. Additionally, I use a Bayesian statistical approach to quantify how much
underlying change is required to reinvade aquatic environments and to determine the
ancestral state for temnospondyls (Revell, 2014). I discuss morphological diversity within
vertebral groups and likely ancestors to all temnospondyls. Lastly, I discuss the
underlying change required to reinvade aquatic environments.
To understand how morphologies like the ones discussed in Chapter 2 affect
intervertebral joint motion, I required some form of physical modeling. Osteological
range-of-motion studies are models used to understand joint mobility in both
appendicular and axial skeletons (Molnar et al., 2015; Nagesan et al., 2018; Stevens,
2002). This type of study has been used in a wide range of taxa to understand joint
mobility in crocodiles, marine reptiles, and dinosaurs for example. However, these
methods all suffer from a variety of issues associated with the file and 3D-scan sizes,
reproducing accurate vertebral motion, and intensive required computing power. Many
studies use combinations of Maya and Rhino, but both programs suffer from reduced
model joint complexity (Molnar et al., 2015; Nagesan et al., 2018; Sellers et al., 2013).
Other studies use programs such as GaitSym, which require cluster-levels of computing
power. In Chapter 3, I address this technological gap. I have developed an improved
technique that can measure vertebral joint kinematics dynamically, with more accurate
joint-types, and is readily available to most academic institutions without the need for
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high levels of computing power. The model uses 3D files, with quantified minimal digital
distortion, and empirically determines rotational-translational joints relationships to
produce plausible joint motions. My model, at worst, has a 50% error, which, although
still large, is an improvement over the 300% inaccuracies of previous models. In Chapter
3, I outline this modeling process and demonstrate its accuracy using vertebral pairs from
cadaveric specimens with known range-of-motion values.
Lastly, in Chapter 4, I investigate the central question of this thesis: what are the
effects of vertebral composition on intervertebral range-of-motion? To investigate this
relationship, I use the method developed in Chapter 3 on two vertebral pairs from five
different species, spanning 70% of vertebral composition types from the Paleozoic. I
tested range-of-motion in intervertebral joints in two temnospondyls (rhachitomous),
Parioxys bolli, and Cacops aspidephorus; a reptiliomorph (monospondylous) Diadectes
sideropelicus; a nectrideans (holospondylous) Diplocaulus magnicorni;, and an
embolomere (embolomerous) Archeria crassidisca. Our study differs from previous
studies in that we: 1) tested multiple points of rotation; 2) investigated several types of
allowed translations; 3) directly measure changes in the center of mass with rotation in
four anatomical axes; 4) and quantitatively investigate coupled motion. Additionally, I
use 3D printing and CAD design to calculate the effects of vertebral composition on
passive (non-muscular) stiffness. In chapter 2, I discuss the ecological significance of
intervertebral stiffness, vertebral composition, and vertebral morphology in Permian taxa.

Chapter 1: Introduction

16

I have devoted this thesis to understanding the effects of vertebral composition on
local intervertebral joint behavior. Using the findings presented in this thesis,
paleontologists can begin to examine the effects of intervertebral motion on total body
moment and elucidate underlying mechanisms of vertebral morphology on tetrapod
locomotion.

Chapter 1: Introduction

FIGURE 1.1 Row A: cranial view, B: lateral view, C: dorsal view of a dog cervical
(Canis canis). Crosshairs orient each row to the body. Note that different directions of
the body are more readily visible in different rows. Dorsal is the back of the animal,
and ventral is the side of the stomach, cranial is towards the head, caudal is towards
the tail, right and left are respective to the animal, not the reader.
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FIGURE 1.2 Explanation of biological structures (Briggs, 2017). Many constraints
(biological function, phylogenetic tradition, and morphogenetic) affect an organism's
structure and performance through time (effective environment). I focus exclusively
on functional morphology in this thesis.
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FIGURE 1.3 The most recent stem tetrapod phylogeny and respective vertebral
compositions. Note, Metoposaurus is also stereosponylous. Colors are as follows:
white, neural arch (except for the case of plagiosaurid where it is demonstrating
unknown homologies). Note in the plagiosaurid case where this is one neural arch for
paired centra, and the homology of those centra is unknown, in grey, intercentra, dark
green pleurocentra. Adapted from (Danto et al., 2016).
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Chapter 2

Stem-Amphibians Evolved Distinct
Vertebrae for Habitat Invasions
Chapter to be submitted for publication as

Carter, A.M., Hsieh, S.T., Dodson, P., Sallan, L (2020) Stem-Amphibians Evolved
Distinct Vertebrae for Habitat Invasions. Plos One (in prep)
Abstract:

Living tetrapods owe their existence to a critical moment 360-340 million years ago
when their ancestors walked on land. Vertebrae are central to locomotion, yet systematic
testing of correlations between vertebral form and terrestriality is lacking, obscuring
evidence for dating the transition and movement capabilities in early tetrapods. Here, we
quantified vertebral shape across a diverse group of Paleozoic amphibians
(Temnospondyli) which exhibited repeated habitat shifts and the range of tetrapod
vertebral shapes. We demonstrate that temnospondyls were likely terrestrial and had
subsequent reinvasions of aquatic habitats. We find a greater diversity in temnospondyl
vertebrae than previously known. We also overturn long-held hypotheses centered on
weight-bearing; neural arch features, including muscle attachment, were plastic across the
water-land divide. In contrast, intercentra were critical; temnospondyls repeatedly
converged on distinct forms in terrestrial and aquatic taxa. Through our geometric
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morphometric study, we have been able to document the diversity of shapes within and
between environments and to reveal constraints on vertebral evolution and locomotion.

2.1 Introduction
Paleozoic tetrapods were the first vertebrates to invade and diversify on land. The
biological changes necessary for this invasion have been studied extensively, mainly
focusing on the evolution of robust limb girdles, respiratory physiology and mechanics,
and development of the urinary system (Clack, 2012; Pierce et al., 2013). However, the
vertebral column is also vital for supporting weight on land. Generally, vertebral
morphologies with low dorsal vertebral counts and robust zygapophyses are believed to
indicate terrestriality (Clack, 2012; DeFauw, 1989; Dilkes, 2009; Panchen, 1977; Pierce
et al., 2013; Rockwell et al., 1938; Witzmann & Schoch, 2005). This classic description
of terrestrial vertebral forms inspired our quantitative investigation of the changes in the
functional morphology of a select group of basal tetrapods, the temnospondyls (Danto et
al., 2016, 2017; Konietzko‐Meier et al., 2014). Temnospondyls (stem-amphibians)
represented a significant segment of overall Paleozoic vertebral diversity and are a
diverse group of early tetrapods in the Paleozoic in terms of both species counts and life
modes (Ruta & Benton, 2008) . This diversity makes them an appropriate study group for
extensive macroevolutionary investigations of morphological correlates of habitat (Ruta
& Benton, 2008).
Despite the plethora of information on larval development, ossification rates, and
changes in regionalization in early tetrapods elucidating vertebral function, previous
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studies have been limited by various factors including limited ontogenetic or taxonomic
sampling, or inappropriate materials used to model vertebral components. For example,
some studies investigated the influence of form on specific functional abilities of
Devonian taxa (or similar extant species) (Pierce et al., 2012), but many Devonian
tetrapods do not have morphological or depositional environmental markers for full
terrestriality; i.e., adulthood primarily in terrestrial environments except for reproduction
(Clack, 2009; Pierce et al., 2013). Furthermore, previous functional models were limited
in taxonomic scope e.g., one to three species as individuals (Dilkes, 2009; Holmes,
1989a); used questionable material properties e.g., a garden hose as notochord material
(Parrington, 1967); or presented little to no quantitative analysis (Gregory, 1928;
Rockwell et al., 1938). The macroevolutionary connections between vertebral shape
change and terrestriality remain mostly unknown and untested, obscuring the timing and
morphological indicators of terrestrialization in early tetrapods. Therefore, explicit testing
of the relationship between vertebral shape and habitat is key to understanding the waterland transition.
The amphibious biology of this group is well known because aquatic larval-toterrestrial adult fossils exist (Fortuny et al., 2011; Fröbisch et al., 2010; Schoch, 2014).
They are found in depositional environments that range from arid upland to entirely
marine (Reisz et al., 2009; Sulej, 2007; Witzmann & Brainerd, 2017). This group
exhibited a range of adult body sizes from five centimeters to six meters (Schoch, 2013).
Comparative, quantitative studies of vertebral morphology will provide more insight into
morphological patterns critical for the terrestrial land invasion. They also have well-
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characterized phylogenetic relationships allowing for the use of comparative
phylogenetic methods.
2.1.1 Early Tetrapod Vertebral Forms
Combinations of embryological (Gadow, 1895) and paleontological (Cope, 1888;
Säve-Söderbergh, 1934; Warren & Snell, 1991) descriptions aided early workers in
categorizing early tetrapod vertebral forms (Romer, 1947, 1956). In basal tetrapods, there
are both monospondylous and multipartite vertebral forms (Figure 1). Multipartite forms
have two main varieties: embolomerous and rhachitomous. Embolomerous vertebral
morphologies (Fig. 1e) as seen in Archeria and other anthracosaurs include inter and
pleurocentra of equal size that form complete rings that surround a persistent notochord
(Fig. 1e) (Danto et al., 2016, 2017; Konietzko‐Meier et al., 2014).
Temnospondyls broadly have three major variations on rhachitomous vertebral
types within their order, rhachitomous, stereospondylous, and the plagiosaurid condition,
in addition to intra-morphological variability (Fig. 1A-B, 1b-e). Rhachitomous vertebrae
consist of a cranioventral crescentic ring (the intercentrum), paired caudodorsal
pleurocentra, and the neural spine dorsally (Fig. 1A-B, 1b). In more derived
temnospondyls, the pleurocentra can exhibit severe reduction or absence (the
stereospondylous condition, Fig. 1c). The last form within temnospondyls is the
plagiosaurid condition, in which two enlarged centra share one neural arch. The
homology, whether the two centra are two intercentra, enlarged intercentra and
pleurocentra, or complete fusion of the intercentra, is still debated (Panchen, 1967;
Shishkin, 1987; Warren, 1998; Warren & Snell, 1991). In recent years the rhachitomous
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vertebral form, prominent in temnospondyls and early stem tetrapods, has been
considered ancestral to all tetrapod vertebral forms (in contrast to Romer's early ancestral
- embolomere hypothesis (Pierce, et al., 2013; Romer, 1947; Warren & Snell, 1991) and
thus to make up the remainder of diversity in vertebral form and the bulk of species
diversity in the Carboniferous (Romer, 1947; Ruta & Benton, 2008).
We focused on neural arches and intercentra because combinations of abundance,
functional morphology from modern analogs and, historically, the neural arch and
intercentra have been hypothesized to have a role in terrestrial locomotion and weightbearing. We did not consider pleurocentra due to debates over homology and presence
across Temnospondyli (Warren & Snell, 1991). We discuss below predictions for neural
arch and intercentra morphology based on previous assumptions associated with
increased weight-bearing capacity.
2.1.2 Neural Arches
Zygapophyses on neural arches influence the range of motion in intervertebral
joints and assist with weight-bearing (Dilkes, 2009; Pierce et al., 2011). Therefore, the
presence and orientation of these articular facets have long been associated with
terrestrial locomotion. In particular, terrestrial temnospondyls should have articular facet
morphologies that resist ventral shear, which would prevent trunk sag while on land
(Dilkes & Brown, 2007; Dilkes, 2009). Cranioventrally angled articular facets would not
be beneficial in resisting trunk sag (Dilkes & Brown, 2007; Dilkes, 2009).

Chapter 2: Stem-Amphibians Evolved Distinct Vertebrae for Habitat Invasions

25

Additionally, lateral axial bending characterizes terrestrial locomotion in extant
amphibians and is assumed to have facilitated walking in stem-tetrapods and early
amphibians (Karakasiliotis et al., 2013; O’Reilly et al., 2000; Simons & Brainerd, 1999).
In extant amphibians, muscles attached to the neural arches control lateral bending
(dorsalis trunci) and stabilize the intervertebral joints while the spine is bending
(interspinalis) (Deban & Schilling, 2009; O’Reilly et al., 2000; Schilling & Deban, 2010).
Some lateral bending is also controlled by muscles that insert along the ribs or transverse
processes (subvertebralis pars lateralis and medialis, obliquus internus) (Deban &
Schilling, 2009; O’Reilly et al., 2000; Schilling & Deban, 2010). However, we did not
characterize the transverse processes and ribs in this study. Decreasing the space between
neural arches, by changes in the neural spine angle relative to the long axis of the body or
neural spine craniocaudal width relative to the underlying centra, would increase
intravertebral rigidity by enclosing interarticular space, in addition to making a larger
surface area for the interspinalis muscles to insert.
2.1.3 Intercentra

Centra in early tetrapods and modern taxa are weight-bearing elements. Modern
biomechanical studies (Buchholtz, 2001; Buchholtz et al., 2005; Molnar et al., 2014)
suggest that centra height and length are correlated to the overall rigidity of the
intravertebral joints. Longer centra are associated with intra-vertebral rigidity, and shorter
centra are associated with intra-vertebral flexibility, particularly lateral flexibility
(Buchholtz et al., 2005; Pierce et al., 2011). A large centrum surface supports the
notochord and creates areas for muscle attachment like the that of the subvertebralis
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medialis, which is necessary for lateral bending (Deban & Schilling, 2009; O’Reilly et
al., 2000; Schilling & Deban, 2010).
Terrestrial vertebrates may have required increased global rigidity along the
vertebral column to facilitate weight-bearing locomotion on land (Dilkes, 2009;
Parrington, 1967; Reisz et al., 2009; Rockwell et al., 1938; Schilling, 2011). While both
terrestrial and aquatic temnospondyls would use lateral bending from the spine as a form
of locomotion, terrestrial taxa would need more overall rigid spines for locomotion on
land. As a result, we hypothesized terrestrial temnospondyls would have craniocaudally
elongated neural arches with prezygapophyses 90 degrees and higher relative to the long
axis of the body. This morphology would lead to greater intravertebral rigidity and trunk
sag resistance for terrestrial taxa. We also hypothesized that terrestrial temnospondyls
would have intercentra forms that are craniocaudally longer to decrease intravertebral
flexibility relative to aquatic temnospondyls. Here, we use geometric morphometrics and
a Bayesian phylogenetic approach to examine the vertebral form and terrestriality using
temnospondyls as a focal group.

2.2 Methods
2.2.1 Data Collection
We reconstructed the maximum parsimony tree for temnospondyls from the Ruta
et al. (2007) supertree of 172 taxa using Newick trees in nexus format to make the tree
readable in R for our comparative phylogenetic analyses. We obtained the stratigraphic
stages for taxon occurrences from Ruta et al. and used the geological units to determine
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maximum and minimum ages for our terminal taxa (Ruta et al., 2007). We generated a
single date for each species within that range, and time-scaled our tree under the “equal”
method in Strap (Bell & Lloyd, 2015), with a minimum branch length of 1 million years.
We pruned our time-scaled tree to match the sample sizes for intercentra and neural
arches to be used in our phylogenetic ANOVAs on shape.
We compiled habitat information for temnospondyls from the literature and
existing databases, including inferences from functional and histological studies of limbs,
depositional habitats noted in descriptions, finite element analysis studies, and
environmental assignments for specific beds in the Paleobiology Database (PBDB). All
types of studies were weighted equally in the ecology database (i.e., we did not make a
preference on experimental studies only or morphological studies only). This allowed us
to generate the sizeable ecological dataset for this study and avoid subjectivity introduced
by discretizing and weighting data sources. Many well-cited temnospondyl studies are
anatomical or morphological in nature. Such studies do not produce standard deviations
or means to conduct any form of statistical meta-analysis but are nevertheless informative
(Kuiper et al., 2013; Sutton & Abrams, 2001). Designations from the same authors for the
same taxon were only counted once, and only the most recent publication was added to
our dataset. Primary sources, i.e., not conclusions taken from secondary sources, were
used for the final environmental data. We considered these to be independent sources.
These data were used to categorize each temnospondyl taxon within our trees as aquatic,
semi-aquatic, or terrestrial. Each discrete categorization was based on the environment in
which the taxon would have spent majority of its adult life, barring reproduction, as all
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temnospondyls are believed to have been amphibious in reproduction (Fortuny et al.,
2011; Fröbisch et al., 2010; Schoch, 2014). For our Bayesian analyses, we assigned prior
probabilities for each habitat and rounded these up to the first significant digit. For
example, eight sources stated that Eryops was terrestrial (8/9 sources) and one source (1/9
source) stated Eryops to be semiaquatic; thus, our phylogenetic analyses used a prior of
0.9 for terrestrial and 0.1 for semiaquatic, while it was assigned as terrestrial in our
morphospaces. The most probable habitat alone was used as the assumed state for
constructing convex hulls and calculating disparity in our geometric morphometric study.
To generate our morphological dataset, we collected trunk intercentra (rib
bearing, no chevron facets present) and neural arches from the literature, and from
museum specimens with well-preserved lateral views. We selected trunk vertebrae
because the animal would have had minimal support from the limbs in this region of the
body. Any functional forces that might affect vertebral morphology would be isolated in
this region of the body (Rockwell et al., 1938). For museum photographs specimens
were selected with minimal deformation. We photographed vertebral elements in lateral
view with the vertebral element in the middle of the picture frame to avoid issues of
parallax within museum collections. In addition, we also collected data from catalogued
specimen reconstructions in the literature. In total we collected data on 32 intercentra and
29 neural arches. 21 species had both intercentra and neural arches accounted for, eleven
only had neural arches, and twelve species only had intercentra. The neural arch and
intercentra data sets were not combined. Different numbers of landmarks were required
to accurately describe the shapes of both the intercentra and neural arch. As there are
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different numbers of landmarks they could not be combined for partial least squares,
integration, or modularity analyses (Adams & Otárola-Castillo, 2013). The vertebrae we
selected include representatives of every major temnospondyl clade as described by the
supertree as well as every major vertebral type in the presacral series seen within
Temnospondyli (Danto et al., 2016, 2017; Konietzko‐Meier et al., 2014) . The species
varied in total body length (0.5-6 meters), depositional environment (marine – terrestrial
environments), and temporal range (Carboniferous-Cretaceous).

2.2.1 Quantification and Statistical Analysis
Ancestral State Reconstruction - We fit Bayesian threshold models to sampled
habitat data for 172 out of 180 accepted temnospondyl genera within a phylogenetic
context. The threshold model, as implemented in AncThresh in the R package Phytools
(Revell, 2012) allows us to reconstruct discrete character changes by modeling
“liability” (Falconer, 1965; Felsenstein, 2005; Revell, 2014), an underlying continuous
character that follows a normal distribution of change. Liability is assumed to represent
evolutionary cost, or the amount of morphological and physiological change, required to
shift between habitats. One model parameter is the threshold value of liability required to
change between observed states given the topology of the tree. We ordered our life mode
states in three possible configurations: 1) terrestrial to semiaquatic to aquatic; 2) aquatic
to semiaquatic to terrestrial; 3) terrestrial to aquatic to semiaquatic. A lack of identifiably
semiaquatic temnospondyls early in their fossil record precluded the use of a
semiaquatic-first sequence, while the terrestrial to aquatic option was chosen to reflect
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potential paedomorphosis. AncThresh holds the threshold liability between the first two
states constant at 0 (Revell, 2012, 2014). We tested the following combinations of the
first two states, terrestrial to semiaquatic, aquatic to semiaquatic, and terrestrial to
aquatic.
We ran each AncThresh analysis for 10 million generations using our habitat
priors and our total phylogeny, applying the available Brownian Motion (BM), OrnsteinUhlenbeck (OU), and Pagel’s Lambda (LB) models, with the first 1 million excluded as
“burn-in” (Revell, 2014). We then used the Deviance Information Criterion to calculate
DIC weights for model selection (Revell, 2014). The life-mode order with the lowest DIC
value was selected, similarly to Revell, 2014. We pruned our resulting trees to the level
of major groups for clarity in Fig. 4 and plotted to time in Strap (Bell & Lloyd, 2015).
2.2.3 Geometric Morphometrics

Since neural arches (barring the transverse processes) and intercentra are flat in
transverse sections we opted to use 2D geometric morphometric techniques. All
landmarks were digitized using Geomorph and all subsequent analyses were completed in
Geomorph, Phytools, and Geiger (Adams & Otárola-Castillo, 2013; Pennell et al., 2014;
Revell, 2012). We digitized a total of seventeen landmarks and nine semilandmarks to
capture curves on the neural arches and in a separate analysis twelve landmarks and eight
semilandmarks on the intercentra. We used the function LaSEC, from the Landmark
Sampling Evaluation Curve package (Watanabe, 2018) to confirm that the number of
landmarks adequately described the shape variation among the vertebral elements. To
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account for shape differences as related to specimen type (museum photo, reconstruction,
literature photo, literature drawing), we included them in the multivariate shape ANOVA.
We then conducted a generalized Procrustes analysis and principal component analysis
using gpagen and plotTangentspace in Geomorph to generate a morphospace (Adams &
Otárola-Castillo, 2013). This generated morphospace allows us to see the shape variation
in intercentra and neural arches of temnospondyls. We generated two morphospaces per
vertebral element, morphospaces with outliers (as calculated by the plot.Outliers
function) and morphospaces without. We also produced backtransform morphospaces
using custom code in the Stereomorph package. These plots allowed us to see variation in
both neural arches and intercentra by plotting morphologies at particular values of
principal components (Olsen, 2017). We used both a scree-test and the Jolliffee cut-off
(eigenvalues that proportions add to minimum 70% of the variance) (Jolliffe, 1972;
Randau et al., 2016). We then used statistically significant patterns (see below
Correlation Between Habitat and Shape) to infer mechanical properties related to
function on the morphospaces with no outliers. The generalized Procrustes analysis
produces centroid sizes, and new coordinates in the shape space.
In vertebrates, there is an association between the surface area on the lateral side
of the neural spine and attachment of the dorsalis trunci and interspinalis musculature, so
we inferred relative muscle attachment area from the centroid sizes, or surface areas, in
our general Procrustes analysis (Adams & Otárola-Castillo, 2013; Deban & Schilling,
2009; Schilling, 2011). We calculated disparity using the morphol.disparity function in
the Geomorph package. This is a permuted and iterative procedure to handle our small
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sample size (Adams & Otárola-Castillo, 2013). Our morphological disparity test
compared the Procrustes variances of shape and centroid sizes among our inferred habitat
groups.
2.2.4 Correlation Between Habitat and Shape
After checking for linearity (diagnostic plots in procD.lm) we used a factorial
ANOVA to determine if vertebral shape (morphology and potential muscle attachment
area) were correlated with habitats using the procD.lm function in Geomorph (Adams &
Otárola-Castillo, 2013). Our factorial ANOVA compared the means of the centroid sizes
and Procrustes distances of the previously established a priori life-mode/habitat
preference (aquatic, semiaquatic and terrestrial) groups to the overall sample mean
(α<0.05). To determine the degree to which muscle attachment, vertebral shape, and
habitat were determined by ancestry, we conducted a factorial ANOVA on residuals that
we then permuted across the neural arches and intercentra trees. We then calculated
Bloomberg’s K (a value indicating phylogenetic signal; Adams & Otárola-Castillo, 2013)
and conducted a phylogenetic least squares analysis.
We tested for phylogenetically-independent correlation between life-mode and
shape using ThreshBayes in the R package Phytools (Revell, 2012), which applies a
Bayesian threshold model for discrete characters as above, with change simulated only
under Brownian Motion (Falconer, 1965; Felsenstein, 2012; Revell, 2014). This used our
prior probabilities for lifemode, the transition sequence from our best-fit OU model
(terrestrial-semiaquatic-aquatic) and the principal component (PC)1 scores from our
morphospaces. As for our AncThresh analyses, we ran each analysis for 10 million
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generations with the first 1 million excluded for our “burn-in”. ThreshBayes returns a
most probable effect size (r) and a correlation coefficient (r2)

2.3 Results
2.3.1 Neural Arch Shape
We did not recover a significant relationship between neural arch form and
terrestriality within temnospondyls (ANOVA P = 0.583, Phylogenetic ANOVA P =
0.876; Fig. 2). The first four principal components for neural arches explain 84% of the
variance. The first three principal components only comprise 76% the total variance.
Additionally, there were not outliers of shape in our sample. Temnospondyls with
positive PC1 scores feature axially elongated neural spines with the edge of the
postzygapophysis located slightly more caudally than the distal extremity of the blade.
Species with negative PC1 scores have axially shorter neural spines and
postzygapophyses that are directly are more caudally distal to the neural blade.
Phylogenetic generalized least squares analysis (PGLS) returned no significant
relationships. Physignal produced a K value of 0.3877 and P = 0.397. ThreshBayes
produced weak-to-nonexistent effect sizes and correlation coefficients for habitat and
PC1, with R values of -0.078 for terrestrial temnospondyls, 0.11 for aquatic species, and 0.05 for semiaquatic taxa.
2.3.2 Intercentrum Shape
All our results support a strong relationship between habitat preference and
intercentrum shape in temnospondyls. There was one outlier in our sample, Fayella
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chickashaensis. This species outside the upper quartile for Procrustes distances from the
mean shape. We conducted shape ANOVAs with and without F. chickashaensis and
there were no differences in significant relationships than the shape ANOVAs without F.
chickashaensis. We discuss the results without F. chickashaensis below.
80% of the total variance was explained in the first two principal components
(Fig. 3). Plots show distinct clusters in morphospace for terrestrial temnospondyls and a
combined distribution of aquatic and semiaquatic temnospondyls, with almost complete
separation along PC1 (Fig. 3). ANOVAs on principal components showed statistically
significant differences of PC scores of terrestrial taxa from aquatic and semiaquatic taxa
on PC1, and between terrestrial and aquatic taxa on PC2. Both Phylogenetic ANOVAs
and non-phylogenetic ANOVA of shape against habitat showed there is a statistically
significant difference between intercentrum morphology among different habitats, and
vertebral type (Table 1, p<0.001). The phylogenetic ANOVA returned significance
between shape and geologic age (p<0.005). Additionally, Physignal produced a
significant (P=0.001) phylogenetic signal K = 0.7168.
Principal component 1 describes intercentrum centra height, axial length, and
ventral curvature. Species with intercentra characterized by reduced height and increased
ventral curvature had positive PC1 scores and are previously inferred to be terrestrial (see
methods, Fig 3). In contrast, aquatic and semiaquatic temnospondyls with negative
scores on PC1 feature intercentra with taller centra, consistent centra length, and
flattening on the ventral surface.
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The second PC described intercentrum dorsal and ventral surface shape. Positive
PC2 values characterize intercentra with dorsally flattened and craniocaudally elongated
surfaces. Positive PC2 taxa also had a reduced ventral curvature, with the cranial and
caudal extremal points more ventral than the rest of the centrum. Negative scores on PC2
indicate intercentra with the dorsal surface tapering to a point, resulting in a triangular
shape. Terrestrial temnospondyls tend to have short intercentra with wide, curved bases
and pointed dorsal surfaces. Aquatic and semi-aquatic species overlapped in shape, and
both groups had tall intercentra with flat bases.
There was a significant relationship between the general vertebral morphotypes
and intercentra shapes. ThreshBayes revealed that habitat use has a moderate effect on
aquatic, and semiaquatic taxon morphology (R=-0.37 and R=-0.49 respectively). There
was a strong effect of size and high correlation between living on land and intercentrum
shape (R=0.92, R2=0.84). There was no significant differences in morphological disparity
among terrestrial, semiaquatic, or aqautic morphologies.

2.3.3 Habitat Shifts in Temnospondyls
Across all tested sequences of initial habitat states (e.g., terrestrial first), the
Ornstein-Uhlenbeck (OU) model fit best with the lowest DIC values and a DIC weight of
~1. The sequence terrestrial-semiaquatic-aquatic had the lowest DIC values under the OU
model overall and is therefore the most probable of all the models. Regardless of the
order of initial habitats used, ancestral nodes were always more likely to be terrestrial
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(Fig. 4). In all cases, transitions into semiaquatic and aquatic habitats did occur frequently
and independently among later lineages, with very little cost in terms of liability (Fig. 4).
Secondary terrestriality did occur in our dataset in the family Lydekkerinidae.

2.4 Discussion
Our shape data and ancestral state reconstruction demonstrate temnospondyl
vertebral diversity. The neural arches demonstrate no environmental, geologic, or size
correlations. Conversely, intercentra correlate tightly with habitat, geologic age, and
vertebral classification. Although the intercentra are tightly associated with habitat, the
environmental-morphological relationships are contrary to what we hypothesized. We
also demonstrate that the basal temnospondyls were likely terrestrial, which contradicts
conclusions from several other studies (Steyer et al., 2006).
2.4.1 Neural Arch Morphology is Similar Across Taxa
Neural arches are composed of articular facets and a neural blade. Previous
studies hypothesized several morphological modifications to these two structures as
reliable indicators of terrestriality, largely by limiting trunk sag (Bennett et al., 2001;
Schilling, 2011; Warren & Snell, 1991). For example, horizontally-oriented articular
facets can mechanically resist trunk sag and limit long axis torsional forces on the spinal
cord and notochord during movement (Bennett et al., 2001; Warren & Snell, 1991). The
neural blade is an attachment site for muscles that are responsible for locomotion in
modern amphibians (Deban & Schilling, 2009; O’Reilly et al., 2000; Schilling & Deban,
2010). As a result, large, flattened neural blades are hypothesized to enable attachment of
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enlarged muscles that facilitate terrestrial locomotion and axial stiffening (Bennett et al.,
2001; Deban & Schilling, 2009; Gál, 1993a; Karakasiliotis et al., 2013; Schilling, 2011).
Likewise, more vertically oriented neural blades maximize muscle moment arms,
increasing the torque a muscle exerts against dorsal ventral bending due to gravitational
forces in the aerial realm.
Our results counter all of these predictions, showing that at least among
Temnospondyls, terrestrial and aquatic taxa have surprisingly similar neural arch
morphologies–there is complete overlap between terrestrial taxa and aquatic taxa in most
of our morphospace (Fig. 2). Both terrestrial and aquatic taxa have ventrally sloped
prezygapophyses, although they are reduced in aquatic taxa. Few terrestrial
temnospondyls, including those diverging near the base of the tree, have the flat spatulate
facets suggested to resist trunk sag (Dilkes & Brown, 2007). Distinct neural arch
solutions may enable terrestriality, such as osteoderms in terrestrial dissorophids, may
compensate for the lack of reinforcement (Dilkes & Brown, 2007; Dilkes, 2009; Reisz et
al., 2009; Schoch, 2012). In addition to the pre and postzygapophyses in the dorsoventral
plane, we were also able to capture the size and orientation of the neural blade.

2.4.2 Implications of Neural Arches for Epaxial Musculature
We were able to infer anatomical information about the epaxial muscles in
temnospondyls based on neural blade morphology. Modern salamanders, functional
homologs and descendants of temnospondyls (Pardo et al., 2017) have two main muscles
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that aid in terrestrial walking: the dorsalis trunci and the interspinalis (O’Reilly et al.,
2000). The dorsalis trunci originates and inserts via transverse myosepta on the neural
blades in modern taxa (Bennett et al., 2001; Deban & Schilling, 2009; O’Reilly et al.,
2000; Schilling, 2011). However, the only myological reconstruction study conducted on
temnospondyls by Olson (1936) posits that the dorsalis trunci inserts on the transverse
processes of the neural arch, a morphology not captured by this study (Olson, 1936). In
his work, Olson was surprised that all modern lissamphibians have dorsalis trunci that
insert along the neural blade, and not the transverse processes. We propose that perhaps
the dorsalis trunci did insert along the neural blade via myosepta (as seen in all modern
lissamphibians) and such attachments would not preserve in the fossil record (Olson,
1936). However, this requires further study, and we will not discuss further the effects of
neural arch morphology on the function of the dorsalis trunci.
The interspinalis muscle (“between spines”), in both modern taxa and Olson's
reconstruction, bridges the gap between adjacent neural spines. The muscle originates
from the cranial end of one neural spine and inserts on the caudal surface of the cranially
adjacent spine (Olson, 1936). Muscle force can be amplified in two non-mutually
exclusive ways: 1. by increasing the size of the muscle; and 2. by increasing its moment
arm. We consider first increasing the size of the muscle, and then changes in moment
arm.
In general, larger attachment areas usually indicate larger muscles and thus
greater force. For our study we used centroid size as a marker for area of the neural blade.
In geometric morphometrics centroid size is used as a measurement for area almost
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universally because it is independent of scale, translation, or rotation. Interestingly, there
was no discernable distinction between muscle attachment size and form between
terrestrial and aquatic temnospondyls.
A moment arm is the perpendicular distance from the point of rotation to the line
of force. For muscles of equivalent size, the larger the moment arm the greater the output
force that can be produced. Let us assume the muscle force of the interspinalis is the
same and the neural spine rotates along the ventral surface. Qualitatively, taxa with tall
neural blades (positive PC1 scores) have larger moment arms than shorter neural blades
(negative PC1 scores, and both PC2 scores). These differences among the principal
components suggest high degrees of stabilizing forces in taxa with high PC1 scores.
Our geometric morphometric study was conducted in 2D lateral view and we
found that terrestrial and aquatic temnospondyls overlap in their neural arch
morphologies. However, by not incorporating the third dimension into our analyses, we
likely missed some of the morphological complexity that could distinguish terrestrial and
aquatic forms. In the future we suggest three-dimensional techniques whereby the neural
arches and intercentra can be analyzed together.
2.4.3 Intercentra Morphology Reflects Environmental Distribution
Axial flexibility can be affected by two main factors, 1) centrum shape, and 2)
vertebral count. It is believed that centra that are taller than axially long (“disk” shaped)
are less flexible as there is more contact area between adjacent centra; this is in contrast
to “spool” shaped centra that are longer than they are tall, and are typically correlated
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with increased axial flexibility (Buchholtz, 2001; Molnar et al., 2014; Parrington, 1967) .
In addition to shape, axial columns with more vertebrae are more flexible than axial
columns with fewer vertebrae.
Our analyses show that most terrestrial temnospondyls have short, axiallycompressed vertebrae with amphicoelous ends. In contrast, aquatic temnospondyls have
disk-shaped intercentra that are taller than they are long. Biomechanical studies of
aquatic and semi-aquatic tetrapods, including dolphins, ichthyosaurs, and extant
crocodilians, have shown that discoid vertebrae have reduced axial flexibility relative to
taxa with spool-shaped vertebrae (Molnar et al., 2014, 2015; Motani et al., 1996; Viglino
et al., 2014). Although the intercentra shapes in our study are not perfect spools, as seen
in many fishes, we would still predict more a flexible vertebral column for terrestrial
temnospondyls than the aquatic species in our study given their disk-like proportions
(Buchholtz, 2001).
2.4.4 Implications of Intercentra Shapes on Functional Morphology
Intercentrum morphology is highly variable among temnospondyls, reflecting a
range of potential intravertebral flexibility. This is in stark contrast to many predictions
that axial stiffness was a requirement for terrestrial locomotion. Indeed, some terrestrial
taxa appear to have evolved additional morphological traits to increase axial rigidity,
including fused osteoderms to stiffen the neural spine in dissorophids or decreasing
vertebral counts from larval stage to adults in Acanthostomatops vorax (Dilkes, 2009b;
Witzmann & Schoch, 2005). However, some large terrestrial forms (e.g., Edops craigi)
exhibit no apparent accommodations, warranting further investigation into effects and
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potential benefits of increased flexibility in terrestrial locomotion (Romer & Witter,
1942).
Aquatic temnospondyls have less flexible intercentrum morphologies relative to
terrestrial taxa. This is surprising as aquatic temnospondyls evolved from taxa with
flexible morphologies. To increase axial flexibility, many aquatic temnospondyls
increased the number of total vertebrae rather than modified vertebral morphologies
towards shapes typically believed to enhance flexibility. For example, some aquatic
temnospondyls (e.g., trimerorhachids), may have evolved greater flexibility through high
vertebral counts in their presacral series, providing more points of limited, but controlled
bending in comparison to taxa with very low presacral counts (e.g., Acanthostomatops
vorax ) (Pawley, 2007; Witzmann & Schoch, 2005) . Conversely, other aquatic
temnospondyls have decreased vertebral counts, implying greater rigidity and a different
form of swimming (e.g., propulsion via pectoral limbs, carangiform (tail-based
swimming) (Sulej, 2007), as previously suggested for some metoposaurs and
archegosauriforms (Sulej, 2007; Witzmann & Brainerd, 2017). Our results suggest a link
between intercentrum shape and ecological differentiation within groups sharing aquatic
life modes. Semiaquatic forms cluster near the origin of PC2, whereas terrestrial and
aquatic forms show a wider distribution (Fig. 3). Fully aquatic temnospondyls with
extreme positive scores, such as Plagiosuchus, have been previously designated as
benthic "bottom-walkers" based on other characteristics such as pachystotic ribs and
heavily ossified limbs (Konietzko‐Meier et al., 2014; Konietzko-Meier & Schmitt, 2013),
while taxa such as Trimerorhachis and Neldasaurus, which have been reported as mid-
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water swimmers have extremely negative PC2 scores(Fig. 3) (Sulej, 2007; Witzmann &
Brainerd, 2017). Within terrestrial taxa, there are some secondarily terrestrial
temnospondyls forms that show traces of having evolved from an aquatic ancestry such
as tabular horns and palatine vacuities from a recent common aquatic ancestor.
Laidleria gracilis and Lydekkerina huxleyi are both secondarily terrestrial
stereospondyls which exhibit derived flexible terrestrial vertebrae from the plesiomorphic
aquatic and stiff condition (Fig. 3). L.gracilis and L. huxleyi secondarily evolved spoollike intercentra with heights shorter than axial lengths. This finding suggests convergence
on a vertebral form necessary for terrestrial locomotion. Additionally, this reinforces the
diversity of vertebral forms within a given vertebral group.

2.4.5 Temnospondyls Were Likely Ancestrally Terrestrial
Early temnospondyls were likely terrestrial. The mega-tree in our study (Ruta et
al., 2007) and the most recent phylogeny of Temnospondyli (Schoch 2014) both
generated phylogenies with edopids (Edops, Cochleosaurus, Chenoprosopus,
Nigerpeton) as basal members. Edops, Cochleosaurus, and Chenoprosopus have reduced
lateral lines, and finite element analyses suggest they were terrestrial feeders (Fortuny et
al., 2011; Romer & Witter, 1942; Steyer et al., 2006). The intercentrum of Edops also
was in our generated terrestrial morphospace. Nigerpeton has an enclosed lateral line, an
autapomorphy for this genus, suggesting an aquatic lifestyle (Steyer et al., 2006) .
However, one aquatic genus was not enough to change the probability of a terrestrial
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ancestor (65% likely to be terrestrial, 2% likely to be aquatic) in edopids and therefore
the probability of a terrestrial ancestor in Temnospondyli. As per the most recent
phylogeny for early tetrapods of Pardo et al. (2017), there was one transition from aquatic
to terrestrial environments (Pardo et al., 2017) . Early terrestrial temnospondyls would
have had the forms previously discussed as flexible. The presence of flexible forms at the
water to land transition suggests some flexibility was required for terrestrial locomotion,
as was seen with our secondarily terrestrial taxa.

2.5 Conclusions
This study quantified vertebral shape in temnospondyls more comprehensively
than previous works. Functionally, terrestrial temnospondyls exhibited more flexibility
than previously described, whereas aquatic taxa were characterized by centra classically
considered to be rigid and increased vertebral number to gain flexibility associated with
swimming. Intercentra forms were tightly correlated with both habitat and centra
vertebral type. However, taxa from similar vertebral types were clustered within their
environments, and not with their vertebral type, e.g., aquatic rhachitomous
Trimerorhachis clusters with aquatic taxa, instead of with Edops, a terrestrial
rhachitomous taxon (Fig. 3). This distribution suggests that the vertebral types posited by
Romer and used through early tetrapod literature are not useful for describing the
structure and arrangement of vertebrae. Our contribution now justifies a different
approach to viewing vertebral morphology to infer function better, and we encourage all
future researchers to consider doing the same.

Chapter 2: Stem-Amphibians Evolved Distinct Vertebrae for Habitat Invasions

44

Chapter 2: Stem-Amphibians Evolved Distinct Vertebrae for Habitat Invasions

FIGURE 2.1 Paleozoic tetrapod vertebral types. Bottom rows modified from
(Konietzko‐Meier et al., 2014) with permission. Top row; rhachitomous vertebrae
from Dissorophus multicinctus in caudal view (A) and left lateral (B). Neural arches
in white, pleurocentra in dark gray, intercentra in light gray. Middle row; variations
on rhachitomous vertebrae seen in Temnospondyli (a) Rhachitomous; (b) Reverse
Rhachitomous; (c) Stereospondylous; (d) Plagiosaurid. Bottom row; variations on
gastrocentrous vertebrae (e) Embolomerous; (f) Gastrocentrous; (g) Holospondylous.
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Arrows point to parapophyses. Reprinted with permission from Biological Journal of
the Linnean Society

FIGURE 2.2 Morphospace for temnospondyl neural arches. Principle component
analysis shows vertebral type distribution. Convex hulls are grouped according to a
priori habitat. Grey shapes are theoretical neural arches representing at a particular
point in PC1 and PC2. Shape of the point represents the vertebral type

46

Chapter 2: Stem-Amphibians Evolved Distinct Vertebrae for Habitat Invasions

47

TABLE 2-1 Shape-ANOVA Table for both neural arches and intercentra. Df, degrees
of freedom; F, f-values; P, P-values, and R2 values. See TableS8 for phylogenetic
ANOVA results
Neural Spine

Intercentra

Df

F

P

R2

Df

F

Centroid
Size

1

1.351

0.195

0.047

1

1.0006 0.368

Habitat

2

0.8155

0.583

0.059

2

7.3734 0.001* 0.337

Vertebral
type

2

1.4725

0.148

0.102

2

2.9985 0.001* 0.171

Geologic
Age

6

1.165

0.288

0.2412

5

1.7648 0.036* 0.246

Image
Source

3

1.300

0.209

0.135

3

1.0273 0.404

P

R2

0.032

0.099
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FIGURE 2.3 Similar to Figure 2, Morphospace for temnospondyl intercentra.
Principle component analysis displaying vertebral type distribution.
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FIGURE 2.4 Phylogeny and habitat of Temnospondyls. Tip colors are pooled prior
probabilities for clades as gathered from literature and paleobiology database
(PBDB). Node colors display posterior probabilities calculated from the best-fit (OU;
terrestrial-semiaquatic-aquatic) mode in Ancthresh. Thick lines represent stratigraphic
range. Reconstructions borrowed with permission from Nobu Tamura.
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Chapter 3

An Improved Method for Osteological
Range-of-Motion Studies in Vertebrae
Chapter to be submitted for publication as Carter, A.M., Hsieh, S.T., Jerolmack, D.,

Dodson, P. (2020) An Improved Method for Osteological Range-of-Motion Studies in
Vertebrae. Methods in Ecology and Evolution (in prep)
Abstract:

Over the last decade, the use of computer-aided design (CAD) modeling has led
to a wealth of osteological range-of-motion studies. Studies of this type quantify the
range of motion of different skeletal elements using only osteological elements.
However, many investigators have cited the dearth of robust multi-motion dynamic
studies as a source for error in their results. Additionally, the conversion of fossil to
digital file is a source of error, as during the conversion process some shape information
can be lost. Here we present an improved osteological range of motion method that
incorporates simultaneous translation and rotation, and a method for producing 3D files
with quantifiably low shape distortion. We demonstrate that our method can produce
range-of-motion profiles in three anatomical axes within the range of values from
cadaveric studies. This study provides an improvement and crucial tool in modelling
potential joint profiles and further, ecology in extinct taxa.
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3.1 Introduction
The effect of form on function is an essential element of paleobiological inquiry.
As soft tissues rarely preserve in fossils (although there are cases to be made for
tendinous structures), interpreting how skeletal elements may have moved is difficult in
extinct taxa (Klein et al., 2012; Lacovara et al., 2014; Organ & Adams, 2005). While
fundamental tenets of mechanics and life-sized casts have been applied to understand
some form-function relationships in limbs and vertebrae (Goodrich, 1931; Olson, 1936;
Senter & Robins, 2005), as of the late 1990s, paleontologists have relied on digital
modeling to investigate functional morphological relationships (Stevens, 2002; Stevens
& Parrish, 1999) experimentally. One such method, osteological range of motion
studies, primarily rely on the shapes of bones rather than material behavior of specific
tissues to estimate motion (Cunningham et al., 2014). While great strides have been
made in digital paleontology, there are still limitations in digital modeling (Cunningham
et al., 2014). Here we provide a review of previous techniques before introducing our
own. We believe our model improves on previous forms of experimental inquiry for
range of motion (ROM) studies, and the availability and ease of use of our model will
make it an invaluable tool for paleontologists.
3.1.2 Digital Modelling of Extinct Taxa
Generally, there are three main steps to functional modeling of extinct taxa:
digitizing the specimen, converting the specimen to a useable file (dependent on
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software choice), and finally, anatomical modelling decisions (e.g., ball and socket,
hinge joint) around the joint(s) in question.
Digitizing is the first step in any functional modeling. There are several ways to
convert specimens of interest into digital files. Surface scanners (e.g., Polhemus, Next
Engine, Photogrammetry) can rapidly convert fossils into digital files (Cunningham et
al., 2014; Johnson & Carter, 2019). Additionally, computed tomography (CT) or micro
CT is also frequently used to convert fossils into digital files. These digital files are
polygonal meshes: a collection of vertices and edges that create faces. The more faces,
the denser the mesh. We recommend Cunningham et al. (2014), and Johnson and Carter
(2019) for further review of digitizing techniques (Cunningham et al., 2014; Johnson &
Carter, 2019). Once digital files are created, the next step is converting the volumes into
useable files.
The file type is primarily dependent on the program used in the study, and the
limitations of that particular program. Computer programs frequently used in functional
morphological studies are Maya, Autodesk 3D Max, SIMM, GaitSym, Rhino, and
Dinomorph (Arnold et al., 2014; Brassey et al., 2017; Hutchinson et al., 2005, 2007;
Heinrich Mallison, 2010b, 2010a; Mallison, 2012; Molnar et al., 2015; Nagesan et al.,
2018; Pierce et al., 2012; Sellers et al., 2009; Sellers et al., 2017; Sellers et al., 2013;
Sellers & Manning, 2007; Stevens & Parrish, 1999; Werneburg et al., 2014). Many of
these programs have some visualization limitations and are subject to what Mallison
calls "digital erosion."( Mallison, 2010a). Not only are fossils subjected to taphonomic
distortion, but when reducing the number of triangles in a mesh, additional
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morphological information can be lost, in addition to any form of retrodeformation as
decided by the investigators (Mallison, 2012). Producing useable file types is often timeconsuming and requires multiple programs. Sellers et al. (2009) inflated scans and
produced idealized shapes in Maya, then imported them into Dinomorph for further
mesh reduction, then back to Maya for additional smoothing, and only then were they
imported into their final program, GaitSym (Sellers et al., 2009). Mallison and other
studies used progressive reduction of triangles, up to 80% original mesh size, in
software like Geomagic and Polyworks (Mallison, 2010a; Pierce et al., 2012).
Hutchinson et al. converted .df files to .dxf files in Alias wavefront to first produce
"aesthetically pleasing" models followed by "biologically realistic" NURBS (spline
cross-sections through the bones) and only then into Autodesk inventor (Sellers et al.,
2009; Sellers et al., 2013). Although Mallison 2010 stated that digital erosion is a
problem, no studies have demonstrated the effects of their digital erosion. The only
software that is capable of handling highly dense meshes is Maya, but similar to other
types of computer aided design (CAD) modeling, there are limitations in its joint
mechanics.
Once a file is in a useable form, it can then be uploaded to a program of choice
for the remainder of the study. One of the first programs designed for osteological range
of motion studies was DinoMorph, a form of parametric modeling. To quantify ranges
of motion, bone shapes were reduced to simple shapes, sauropod vertebrae to cylinders,
and those elements were flexed maximally to get full ranges of motion. This program
was designed through Java and required a robust understanding of C++ to run (Stevens,
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2002). Additionally, there was no validation that such significant shape reduction could
produce reasonable range of motion profiles. Recent studies validate their method by
applying it first to extant taxa with known ranges of motion, and only then to extinct
taxa. After the mid-to-early 2000s Computer-Aided Design (CAD) based models
became more prevalent. There are three main CAD programs in use, Autodesk Inventor,
Rhinoceros, and Maya (Arnold et al., 2014; Hutchinson et al., 2005; Mallison, 2010a,
2010b; Molnar et al., 2015; Nagesan et al., 2018). These programs generally have simple
inputs: the bones, the center of rotation, and the joint-types. Within these programs,
investigators can designate joints that move in tandem or have some relationship to each
other (Arnold et al., 2014). The limitations of Inventor, Rhino, and Maya are similar.
First, retrieving range of motion data is time-consuming, and manual manipulation
frequently involves fixing one skeletal element (a single vertebra, a single humerus) and
manually rotating it until contact (Mallison, 2012). Secondly, the joint-types and
hierarchal types (paired motions i.e., when one skeletal element rotates a second element
rotates) are limited, i.e., investigators who have used CAD modeling generally model all
joints as strict rotational or hinge joints (Molnar et al., 2015; Nagesan et al., 2018).
However, CAD modeling can produce ranges of motion from just bone osteology,
unlike SIMM or GaitSym, the more complex forms of functional morphological
modeling.
The last type of program that is used for osteology range of motion studies is
SIMM and GaitSym (Pierce et al., 2012; Sellers et al., 2013). SIMM was developed
primarily for ancient primate and human ancestor locomotion but has been used for
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more ancient taxa (Pierce et al., 2012). SIMM requires muscle paths and material
property inputs, and many steps are required in separate programs before getting to the
actual modeling. GaitSym, ADAMS, and other multibody dynamic studies require taxa
for which there is a good understanding of the soft tissues, and this imposes a bias
against ancient taxa for which there are no living descendants (Brassey et al., 2017;
Snively et al., 2013). These programs may work for relatively recent taxa, including
human ancestors for which estimates of muscle origin and insertions are well
constrained, or even for dinosaurs in which there are some ways of limiting muscle
types (extant phylogenetic bracketing for dinosaurs) (Brassey et al., 2017; Sellers et al.,
2013; Snively et al., 2013; Witmer, 1995). Persistent lack of clarity on soft tissues
means for many ancient taxa, especially any taxa before the Triassic, using SIMM,
GaitSym, or ADAMS remains difficult. Even with a good understanding of muscle
insertion and well-preserved bones, osteological range of motion studies suffer from
large error when compared to the range of motion profiles of extant taxa.
In many osteological range of motion studies, investigators compare values
produced by their method to values from range of motion profiles of cadavers. Many
studies have cited large discrepancies between cadavers and values determined from
their methods (Arnold et al., 2014; Molnar et al., 2015; Nagesan et al., 2018; Pierce et
al., 2012). Indeed, depending on the vertebral element and motion type (limbs tend to
have higher error than vertebrae), current methods calculate errors ranging from 50%
underestimations to 200% overestimations (Figure 1).
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Vertebral kinematics are controlled by a suite of factors, including muscle
architecture, properties of tendon and intervertebral cartilage, muscle activation timing,
and many more (Deban & Schilling, 2009; Karakasiliotis et al., 2012; Long et al., 1997;
Long, 1992; Long et al., 2002; McHenry et al., 1995; Moritz & Schilling, 2013). Below
we introduce a method that produces conservative estimates of vertebral range of motion
in lieu of soft tissue effects. We present an osteological range of motion study using
Autodesk Fusion360 (Autodesk Fusion360; https://www.autodesk.com/products/fusion360/overview). Autodesk Fusion360 allows for a dynamic view of motion (rotation with
translation in real-time) with empirically determined coupled values.

3.2 Methods
To determine how realistic the range-of-motion profiles generated by our model
were, we compared our model values to those of two species (Canis familiaris ,
Johnson et al., 2011, and Crocodilus niloticus, Molnar et al., 2015) that had range-ofmotion profiles previously described by cadaveric studies (Johnson et al., 2011; Molnar
et al., 2014). To obtain 3D files for Autodesk Fusion360, we 3D scanned the cervical
vertebrae (C2-C7) of C. familiaris using a Next-Engine 3D laser scanner and
downloaded thoracics 6 and 7, lumbars 1 and 2, and Lumbar 5 and Sacral 1 of C.
niloticus from Molnar et al. supplemental files (Molnar et al., 2014). With both of these
sets of vertebrae, we could generate separate range of motion profiles for these two
species and compare them to range-of-motion profiles generated from cadavers. These
cadavers had all soft tissues (muscles and tendons) removed except for the joint
capsules, yellow and dorsal ligaments, and spinal cords.
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3.2.1 Importing and Aligning in Fusion360
Once 3D scans of each bony element were obtained, we imported each element
into Autodesk Fusion360 using the insert mesh function. Each element required a
separate file to act as a rigid body in subsequent analyses. Once imported, each element
was aligned until the dorsoventral axis was aligned with the Y-axis and parallel to the Zaxis in Fusion360. By orienting each file in the same way, the joint analyses were all in
the same coordinate space (e.g., rotation around the Z-axis is always long axis rotation).
In the mesh module, in Fusion360, we converted each mesh into a water-tight mesh, and
then adaptively reduced each mesh to 2500 faces with boundary preservation. The
adaptive reduction function in Fusion360 with boundary preservation preserves the
triangles at the extrema points of the shape while reducing mesh complexity away from
extrema points. This allowed overall mesh reduction without losing morphological
fidelity and was necessary for subsequent steps of modeling.
To confirm that morphological information had not been lost when we reduced
the number of triangles in the scan (“digital erosion”, Mallison, (2012)), we conducted a
3D geometric morphometric analysis on one pair of crocodile vertebrae, discussed
below. We adaptively reduced T7 of the crocodile from 65,000 faces to 10,000 faces,
5,000 faces, 2,500 faces, 1,500 faces, and lastly, 500 faces (Figure 2). We used all
landmarks from Randau et al., to characterize the shapes of the centrum, neural arch,
articular facets, and transverse processes (Randau et al., 2016). All landmarks were
digitized, and all subsequent analyses were completed using Geomorph (Adams &
Otárola‐Castillo 2013). In Geomorph, we conducted a generalized Procrustes analysis
and principal component analysis using gpagen and plotTangentspace functions to

Chapter 3: An Improved Method for Osteological Range-of-Motion Studies in Vertebrae

58

generate a morphospace (Adams & Otárola‐Castillo, 2013). This generated
morphospace allowed us to see the shape variation in scans of different numbers of
faces. We conducted a shapeANOVA using the procD.lm function to determine if there
were any differences in the overall shape of the vertebrae with different numbers of
faces (Adams & Otárola‐Castillo, 2013). We needed to confirm that no morphological
data were lost in reducing the number of faces as reducing faces was necessary to reduce
computing time of dynamic motion and to generate boundary representations.
Once we determined there was no difference in vertebral morphology when
reduced to 2500 faces, we converted the meshes to boundary representations by using
the mesh-convert function in Fusion360. Each new boundary representation (BREP) was
made into a separate component so we could later apply contact sets.
3.2.2 Alignment
Before every trial, each vertebral unit must be aligned in a starting neutral
position. Similar to Molnar et al. (2015) we do not connote neutral pose in life, only
there is no bone-on-bone contact, and the model has space to move (Molnar et al.,
2015).Three strict guidelines guided our alignment manual process: 1) spinal canals
must be aligned between successive vertebrae; 2) neural blades must be parallel to the
Y-axis and symmetrically placed on the XY plane; 3) caudal ends of cranial vertebrae
and cranial ends of caudal vertebrae must be placed on the same line in the Y-axis.
To align our taxa, we worked in multiple view mode in Fusion360. This allowed
us to see cranial, dorsal, and lateral views simultaneously. First, we imported the caudal
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member of each vertebral pair and used the ground command to fix the location of this
vertebra. Following this, we then imported the cranial member. When both vertebrae
were in the same space, we activated contact sets. By activating contact sets, Fusion360
recognizes the vertebral BREPs as solid bodies, and this prevents elements from passing
through each other. The bony elements move until there is bone-on-bone contact, at
which point no more movement would be permitted. We assumed this contact represents
the greatest potential amount of angular displacement. After activating contact sets, we
aligned the cranial vertebral spinal canal with that of the caudal spinal canal. We
confirmed the vertebrae were aligned in the XY plane by checking the ventral surface of
both the cranial and caudal vertebra in the YX plane. They were aligned if both surfaces
sat along the same line of the Y-axis. Lastly, we calculated and then subtracted the Z
displacement between the cranial and caudal vertebrae to align the articular facets. This
results in two vertebrae aligned through the spinal canal with the prezygapophyses
completely aligned.
3.2.3 Treatments and Trials
3.2.3.1 Center of Rotation
Several papers have suggested the center of rotation (COR) between adjacent
vertebrae in mammals and in crocodiles is located somewhere at the level of the spinal
canal space (Molnar et al., 2015; Molnár et al., 2006; Samagh et al., 2011). We placed a
single COR in the ventral curvature of the spinal canal of C. familiaris and N. niloticus
following the results of these studies.
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3.2.3.2 Treatments

Once CORs were placed, we had to select the type of motion at the point.
Fusion360 offers six joint types that have varying amounts of rotation and translation
(Autodesk Fusion360). We selected a pin-slot joint for this study. This joint type allows
rotation along one axis and translation along another axis at the same time. For lateral
bending (Y-axis) and dorsoventral flexion (X-axis), the translation axis was always
along the craniocaudal axis (Z-axis) of the body. For axial rotation (Z-axis), the
translation axis was the tranverse axis (X-axis) as the program does not allow rotation
and translation along the same axis in this joint type.
We conducted range-of-motion studies in three axes (axial rotation, lateral
bending, dorsal flexion, ventral flexion) with four different translation treatments. We
allowed for 0% translation (i.e., the joint would only rotate), 1.5% centra length, 3.0%
centra length (this centra-intervertebral joint relationship has been demonstrated in
previous studies, see Molnar et al.,2015 for further discussion), and an unrestricted trial.
In the unrestricted trial, we allowed for translation up until articular facet disarticulation.
Before we conducted any range of motion trial, we used the ‘inspect’ function to
calculate the XYZ coordinates of the center of mass of one vertebral unit.
Once joints were placed on the bones and alignment was complete, we used the
motion study function as a probative means to investigate a range-of-motion. We
selected the neural arch COR and set an end rotation well outside the range of possibility
for the bone (e.g., we set the terminal degrees at 30 degrees for axial rotation). With the
contact sets turned on the vertebral units will stop moving once an osteological limit was
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reached (i.e., when bone-on-bone contact occurred), and if not the osteological limit, it
would stop at the translational limit. Once we determined this value, we would exit the
motion study and use the ‘drive joint’ command to drive the joint to the value we saw
generated from the motion study. The drive joint command allowed us to get within a
tenth of a degree accuracy and a mm resolution in translation. We also used the
Interference command to confirm there was no mesh overlap. Once an element was
rotated and translated as far as the trial allowed, we collected the final degree that each
vertebral element had rotated, the distance it had traveled (if any), and final XYZ
coordinates of the center of mass using Fusion 360 ‘calculate COM’ command.
3.2.4 Statistical Analyses
To determine the number of trials necessary for each motion type and species,
we calculated the cumulative mean after each trial. Once we saw the mean of each
additive trial had plateaued, we deemed that many trials a representative amount of data.
We used the angular distances (the mean of left and right angular displacement) of trials
as our base unit for all statistical analyses. This measurement is linear rather than
angular, so we did not use angular statistics (Batschelet, 1981). All statistical analyses
we conducted in R cran (R Core Team, 2017).

3.3 Results

3.3.1 Crocodiles
The overall range of motion crocodiles decreased in all anatomical directions
caudally down the vertebral column, as seen in Molnar et al., 2014. The thoracic
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vertebral pair (T7-T8) had the highest maximum degree, followed by the lumbar
vertebral pair, and lastly, the lumbosacral vertebral pair (Table 1, Figure 3).
3.3.1.1 Axial Rotation

There was a steady increase in range of motion with the amount of translation
permitted in axial rotation (Figure 3). The mean axial rotation was 3.4 degrees, and
when in our unrestricted trials, the maximum range of motion had a mean of 6 degrees.
The trend of increasing rotation with translation was noted in all the vertebral pairs.
There were no axial rotation results reported by Molnar et al., 2015, so we could not
compare our model results to that of their cadaver (Table 1).

3.3.1.2 Lateral Bending

The trend of increasing translation leading to an increased range of motion was
also evident in lateral bending, but the magnitude was less than in the axial rotation. In
all vertebral pairs, there was only a 2-3 degree increase from 0% translation to 3%
permitted translation. Similar to the axial rotation, the greatest maximum values were
seen in the thoracic vertebral pair.
For the thoracic vertebral pair treatments with 1.5% and 3.0% translation were
closest to the cadaver, the cadaveric mean ROM was 11 degrees, and with 1.5%
translation, our model had a mean of 10.9 degrees (Table 1). The >5% translation was an
overestimate of the cadaver, but still more conservative than previous models. For the
lumbar vertebral pair, 0% and 1.5% were the best fit from our model; the cadaver had a
mean ROM of 9.1 degrees, and our 0% and 1.5% translation had means of 8.0 and 10.2
degrees (Table 2). The 3% and 5% trials were both overestimates but still more
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conservative than the previous model. Lastly, all our treatments were an overestimate for
the lumbosacral vertebral pair. The closest our model came was the 0% treatment, which
was still twice as large as the reported cadaveric values. However, 0-3% treatments were
still a better estimate than the previous model (Table 1).
3.3.1.3 Ventral Flexion

Unlike axial rotation and lateral bending, there was no change in the overall
range of motion with increases in translation, except for in the thoracic vertebral pair; as
translation increased, so too did the range of motion. The lumbar and lumbosacral pair
showed no change, exhibiting almost the same mean across treatments (12.2 and 10.4
degrees, respectively). All treatments were an overestimate in this rotation, except for
the case of the lumbosacral vertebral pair. Despite the overestimated range-of-motion
our model predicted, it was still a more conservative estimate than previous models
(Table 1).
3.3.1.4 Dorsal Flexion
Across the vertebral pairs, treatments with larger translation had markedly larger means
and maximum values for the range of motion. The thoracic pair had the greatest maximum
ranges and range of motion, followed by the lumbar vertebral pair and the lumbosacral pair. For
all vertebral pairs, 0% translation treatments were similar to cadaveric studies (Table 1).

3.3.2 Dog
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Across vertebral pairs, there was not a noticeable increase in range of motion given an
increase in translation in axial rotation and lateral bending (Figure 4), similar to previous
cadaveric studies (Johnson et al. 2011). Conversely, in both dorsal and ventral flexion, there was
an increase in range of motion with an increase in the joint translation distance (this could
manifest in a number of ways including zygapophyses disarticulating, centra coming into
contact). All pairwise comparisons can be found in Table 2.

3.3.2.1 Axial Rotation
For the C2-C3 vertebral pair, our model most matched the cadaver the 0%, and 1.5%
treatments (Table 2). For the C3-C4 vertebral pair, the 3.0% treatment was a better fit, where 0%
and 1.5% were underestimates. Our osteological range of motion model produced
underestimates for the range of motion for the C5-C6 and C6-C7 vertebral pairs. Johnson et al.
(2011) reported values of 11.5 and 16.2 degrees, respectively, where our model at maximum
only had means of 2.56 and 3.49 degrees. We did not see any effect of translation on overall
range of motion in any of the vertebral pairs.
3.3.2.2 Lateral Bending
In lateral bending, 1.5% and 3% translation treatments were the best estimates of the
range of motion in the C2-C3 vertebral pair. For both the C3-C4 and C5-C6 vertebral pair, our
>5% treatment was the best fit for the cadaver values. For the C6-C7 vertebral pair, the 3%
treatment was the best fit for the cadaver. We saw a moderate increase in range of motion with
translation. The 5% treatment has range of motion means that are double that of 0% and 1.5%
treatments.
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3.3.2.3 Ventral Flexion
Except for the C5-C6 vertebral pair (in which the 3% treatment was the best fit), our
osteological model produced either overestimates (C2-C3, C3-C4) or underestimates (C6-C7)
for ventral flexion. There was also an increase in range of motion with an increase in translation
distance.
3.3.2.4 Dorsal Flexion
For vertebral pairs, C2-C3 and C3-C4, the 3%->5% treatments were closest to the values
from the cadaver. Our model produced underestimates for both C5-C6 and C6-C7 in dorsal
flexion (extension). As for previous treatments there was an increase in range of motion with an
increase in translation distance.

3.4 Discussion
We found that we can accurately predict the range of motion from bone
morphology alone. With both Canis familiaris and Crocodylus niloticus, we found
ranges from strict rotational trials to three percent joint translation generally captured the
range of motion in a cadaver. It would take more than one vertebral pair to make
estimates of total spine movement, but that was not our aim here. We aimed to introduce
an improved method that could be employed across multiple joints. Being able to predict
reasonable ROM profiles from osteology alone is surprising given the many components
that contribute to vertebral kinematics.
Kinematic motion in the vertebral column has contributions from many
elements, including bony morphology, muscle insertion, fiber composition, and material
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properties of cartilage, tendon, and even skin (Gál, 1993a; Long et al., 1997; Long &
Nipper, 1996; Long, 1992; John H Long et al., 2002; McHenry et al., 1995; Nowroozi &
Brainerd, 2013; Porter & Long, 2010; Schilling, 2011). In addition to soft tissues,
vertebrae exhibit complex motions such as rotation and translation either along the
craniocaudal axis or along the transverse axis (Barnes et al., 2008; Gál, 1993a; Holmes,
1989; Johnson et al., 2011; Long et al., 2002; Salem et al., 2013). Despite this
complexity, our model is able to estimate the range of motion in single intervertebral
joints, in some cases within a two-degree difference of cadavers. This accuracy is a
marked increase over the previous osteological range of motion models (Figure 5). We
believe this increase in accuracy and realism stems from two main benefits our method
has over previous methods: 1) the ability to support two motion types simultaneously
(i.e., translation and rotation), and 2) to have the translation distances determined by the
morphology, rather than an a priori assumption.
Previous studies cite variances in their data that were due to inability to capture
translational movements between vertebrae during rotation (Molnar et al., 2015;
Nagesan et al., 2018). In our model we used a pin-slot joint (i.e., a mechanical joint that
permits simultaneous rotation and translation) to recreate known biological movement in
intervertebral joints. Coupled motion is seen frequently in vertebrae, and to our
knowledge, this is the first osteological range of motion modeling that has been capable
of capturing these data. Moreover, we were able to set the upper limits of translation and
investigate how the bone moved in that defined space. This motion is essential in
modern animals; indeed, Johnson et al., 2011 reported “primary” and “coupled” motion
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for the dog. For Canis familiaris our osteological model results were closest to the
cadaver only when there was some amount of translation.
Being able to recreate paired rotation-translation motion is necessary for
representing vertebral kinematics and coupled motion has been proposed to be a large
portion of stem tetrapod vertebral kinematics (Holmes, 1989; Miele et al., 2012). We
note that our translation was always in the craniocaudal axis, except for axial rotation in
which it was in the transverse axis. Previous studies on coupled motion describe axial
rotation and lateral bending coupling and are also described as two rotations instead of
rotation and translation (Barnes et al., 2008; Johnson et al., 2011; Legaspi & Edmond,
2007; Shin et al., 2013). This difference may explain why our model was too
conservative in the caudal cervical series of Canis familiaris: there is an increase of
coupled axial rotation and lateral bending in the cadaveric study that we could not
replicate. While our model is a crucial first step, progress still needs to be made in
coupled rotation. Additionally, in both the crocodile and the dog we saw that as
translation increased, so too did overall means of axial rotation and dorsal flexion but
less so lateral bending and ventral flexion. This suggests that knowing plausible
translation distances is necessary for axial rotation and dorsal flexion, but not
necessarily for lateral bending and ventral flexion.
As we move caudally down the spine in Crocodylus niloticus treatments with
less translation were the best fit for the cadaveric study. This is likely related to the
decrease in overall vertebral flexibility as we move caudally down the column; almost
all treatments overestimated ROM in the L5-S1 vertebral pair. However, even where our
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model was an overestimate of a cadaver, it was still a more conservative model than
previous studies (Molnar et al., 2014, 2015).
In general, for the crocodile, the 0-1.5% centra length treatments were the best fit for
the cadaver, or at least more conservative than previous models. In the cranial segment
of the cervical series, 1.5%-3.0% was the best fit for the dog. These differences in
treatment types may be reflective of the overall vertebral kinematics of each respective
animal; crocodile thoracics and lumbars are more rigid than dog cervical vertebrae. To
test this hypothesis, one would first need to conduct a kinematic study on the thoracic
and lumbar series in dogs. Crocodile thoracics and lumbars are part of the locomotor
bracing system, whereas the cervical series in dogs has additional complexity from
feeding. As such, more rigid treatments are more realistic for more rigid vertebral
segments.
In the caudal series of the cervical column of the dog, all model treatments were
underestimates, except for ventral flexion, which were all overestimated. In ventral
flexion, overall flexibility is controlled by the robust yellow-ligament seen in some
mammals (Gál, 1993a). In crocodiles, osteoderms and muscle activation also restrict
ventral flexion (Salisbury & Frey, 2000). Our results emphasize the need to consider soft
tissues when inferring axial mechanics in ventral flexion.
3.5 Conclusion
Our comparisons were to cadaveric studies (with minimal soft tissues) instead of
in-vivo studies. However, many studies reveal the soft tissues that resist or dominate
flexion resistance in each direction are species-specific, and an overlying method for
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predicting flexion resistance, and thus the range of motion, has yet to be proposed (Gál,
1993b; Long et al., 1997; Molnar et al., 2015). Even if such a mechanism was proposed,
several elements of soft tissue that dominate ligamentous or cartilaginous structures
(e.g., % collagen or elastin in a structure) could not be observed in fossils (Belytschko et
al., 1974; Gál, 1993b; Lafon et al., 2010). While our osteological range of motion
studies produces values that surely are an overestimate of in-vivo range of motion,
validating differences range of motion in two different taxa using just osteology
demonstrates its use in paleontological study. With further soft tissue lesion-based
experiments in the future, it may be possible to predict how much of an overestimate
osteological range of motion studies are.
We have presented a new technique in an osteological range of motion study that
has higher accuracy than previously described studies. Our technique is unique in that
Fusion360 can translate and rotate simultaneously and determine the relationships of this
translation empirically. We believe that the techniques outlined in this study provide
useful tools for future researchers particularly paleontologists, to explore other ranges of
motion and ecological conclusions.
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FIGURE 3.1 Previous osteological range of motion studies using Maya. A: Vertebral
studies, B: fore and hindlimb studies. Positive errors are overestimates of range of
motion and negative errors are underestimates.
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FIGURE 3.2 T7 of Crocodylus niloticus from Molnar et al. 2015 with progressively
reduced number of faces. Left column: cranial view, right column: lateral view.
Rows in order: 65,000 faces to 10,000 faces, 5,000 faces, 2,500 faces, 5,000 faces,
and lastly, 500.
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FIGURE 3.3 Range of motion profiles for Crocodylus niloticus. Columns represent
different translation treatments, rows are different motion types. A: axial rotation, B:
Mediolateral bending, C: Ventral Flexion, D: Dorsal Flexion. The width of the
spindles represent the distribution of the data, the wider the spindle the more trials
are clustered around the value.
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TABLE 3-1 Mean and standard deviation of Crocodile range of motion from our
model and cadaveric study Molnar et al.,2014. An additional column is present,
Molnar et al., 2015, another osteological range of motion study. osteological values
that are within range of the cadaver
Translation Treatment
0%
1.50%
3.0%

Literature
Disarticulation

T6-T7
Axial
Rotation
Lateral
Bending

2.96 +/1.019
8.03 +/6.044

3.529
+/-0.952
10.19
+/-5.890

4.11 +/1.44
12.28 +/5.99

4.84 +/-.87076 Molnar Molnar
2014
2015
19.49 +/11.29
22.3
4.6332
+/-2.21

Dorsal
Flexion

8.88 +/5.104

11.62
+/-4.37

14 +/3.977

Ventral
Flexion

11.44 +/3.98

12.84
+/-4.05

13.74 +/4.168

15.32 +/-1.676 8.11
11.0
+/2.594
14.6 +/-3.84
7.107
15.1
+/-2.01

L1-L2
Axial
Rotation
Lateral
Bending

1.71 +/0.722
11.82 +/6.044

2.399
+/-.715
12.66
+/-585

2.847 +/0.7332
12.30 +/5.99

Dorsal
Flexion
Ventral
Flexion

6.96 +/3.287
12.08 +/2.1

8.65 +/3.21
12.18
+/-2.59

10.52 +/2399
12.18 +/2.59

L5-S1
Axial
Rotation

1.6 +/0.939

2.1 +/.91

2.48 +/.879

3.29 +/-.825

Lateral
Bending
Dorsal
Flexion

6.48 +/6.044
6.7 +/6.0233

10.09 +/5.993
12.42 +/3.5

13.25 +/4.6332
14.3 +/-.8

Ventral
Flexion

10.4 +/0.894

8.62 +/5.890
9.92 +/5
+5
10.4 +/0.894

10.4 +/0.894

10.4 +/-0.894

3.76 +/-.7303
13.67 +/-4.632 9.15
20.2
+/2.616
12 +/-1.58119 7.31
9.4
+/-2.11
12.2 +/-2588
6.29
18.2
+/-1.47

4.29
13.4
+/-2.68
6.25
7.9
+/1.623
5.633
4.7
+/1.6145
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FIGURE 3.4 Osteological range of motion profiles from C. canis. Rows are different
motion directions; A: Axial rotation, B: Mediolateral bending, C: Ventral flexion, D:
Dorsal flexion. Columns are different translation treatments. The width of the
spindles represent the distribution of the data, the wider the spindle the more trials
are clustered around the value.
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TABLE 3-2 Range of motion results from the present model and cadaveric results
from Johnson et al. 2011. Gray boxes represent values that are within range the
cadveric study used as basis in this study.
Translation Allowed
0%
1.50%
C2-C3
Axial Rotation
Lateral Bending
Ventral Flexion
Dorsal Flexion

C3-C4
Axial Rotation
Lateral Bending
Ventral Flexion
Dorsal Flexion

C5-C6
Axial Rotation
Lateral Bending
Ventral Flexion
Dorsal Flexion

C6-C7
Axial Rotation
Lateral Bending
Ventral Flexion

Literature
3.0%

>5%

3.54 +/3.278
8.03+/6.044
24.32+/8.637
6.03+/-4.53

3.953+/3.25
10.19+/5.89
26.42+/7.27
4.524+/4.77

4.12+/3.338
12.28+/5.9938
28.78+/5.69
5.42+/4.12

4.33+/-3.27

2.53+/2.194
5.976+/5.153
18.56+/9.065
10.86+/8.29

2.96+/2.164
7.9+/-4.97

3.23+/2.30
9.75+/4.705
23.46+/7.896
13.96+/6.72

4.25+/-2.11

1.79+/-0.96

2.17+/-1.02

2.56+/-0.8998 11.5+/-10

3.5+/1.4719
3.96+/-2.43

4.64+/1.7838
6.06+/2.432
17.42+/7.09

2.39+/1.049
5.5+/1.832
8.32+/2.91
16.6+/7.59

2.82+/0.631
8.86+/1.955
3.06+/1.308

3.49+/-0.640

16.2+/-10

17.8+/-2.699

8.7+/-6.1

17.98+/-4.33

11.7+/2.5

16.34+/8.06

1.99+/0.615
6.27+/2.1636
3.18+/1.311

21.56+/8.69
12.38+/7.19

2.45+/0.647
7.6+/-2.015
4.84+/-1.42

3.95+/2.3
19.49+/-4.644 11.4+/3.2
31.4+/-2.966 13.8+/2.6
7+/-3.93
10+/-2.6

4+/-2.1

15.44+/-3.005 14+/-4
29.38+/-5.574 11.1+/2.3
19.2+/-6.72
14.5+/3.8

13.24+/-1.920 11.9+/4.1
18.575+/10. +/-1.8
5.503
21.66+/-7.09 9.5+/-1.7
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Dorsal Flexion

16.2+/7.209

17.92+/6.74

18.82+/6.385

22.6+/-5.02
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14.7+/6.7
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FIGURE 3.5 Previous osteological range of motion studies and results of this study.
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Chapter 4

An Empirical Study on Range-ofMotion in Dorsal Vertebrae of Permian
Tetrapods
Chapter to be submitted for publication as
Abstract:

A host of vertebral forms and compositions evolved in stem tetrapods were
prevalent over 250 million years ago. The function of these complex vertebrae, generally
composed of separate non-fused elements, has eluded scientists for the last 150 years.
Only three families of modern animals have complex vertebral forms, and the homology
of their vertebral elements and their applicability as modern analogs to understanding
stem tetrapod vertebrae remain a mystery. We applied our previously described method
of osteological range-of-motion studies to fossil taxa to investigate the form-function
relationships of single joint local mechanical joint vertebrae. We find that vertebral
composition is more related to total range-of-motion than ecology or body size. We also
demonstrate that linear and angular measurements that are typically correlated with the
range of motion in modern taxa are not correlative in fossil taxa. While this study is only
on a single joint range of motion, it provides a crucial tool in understanding the role of
complex vertebrae in stem tetrapod locomotion.
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4.1 Introduction

The diversity of vertebral composition in Paleozoic basal tetrapods overshadows
that seen in modern-day vertebral forms (Danto et al., 2016; Gadow, 1895; Romer, 1947).
Basal tetrapods with complex vertebrae evolved in the early Carboniferous and persisted
through the Permian (taxa with complex vertebral forms lasted through to the Cretaceous
but were isolated to a single-family) (Danto et al., 2016; Romer, 1947). Over the last 150
years, paleontologists have made inferences on form-function relationships regarding
complex vertebrae (Cope, 1888; Dilkes & Brown, 2007; Dilkes, 2009; Holmes, 1989a;
Olson, 1936; Olson, 1976; Parrington, 1967; Romer & Witter, 1942.; Romer, 1947).
However, lack of experimental testing has precluded a consensus on the form-function
relationships, despite their importance in stem tetrapod locomotion.
4.1.1 Vertebral Composition in Stem-Tetrapods
Paleontologists grossly characterize stem tetrapod vertebrae into seven groups
based on the presence or absence of vertebral elements. These seven groups are (in no
particular order): embolomerous, rhachitomous, reverse rhachitomous, stereospondylous,
the specialized plagiosaurid case of stereospondyli, gastrocentrous, and holospondylous
(Danto et al., 2016; Konietzko‐Meier et al., 2014; Panchen, 1977; Pierce, et al., 2013).
We will only discuss embolomerous, rhachitomous, gastrocentrous, and holospondylous
in this study, but we highly recommend Danto et al.,2016 (Danto et al., 2016) and the
citations within for in-depth review for all vertebral types. Some of these vertebral types
are restricted to specific taxa and specific environments. Carter et al., 2020 has a detailed
review of vertebral types and environments. Rhachitomous vertebrae, as seen in the most
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diverse group of stem tetrapods, the temnospondyls, have vertebral units composed of a
crescentic cranioventral intercentrum, paired caudodorsal pleurocentra, and a single
neural arch (Danto et al., 2016). This vertebral form is not restricted to any single
environment: taxa with rhachitomous vertebrae are found in deep open waters and arid
upland environments (Konietzko‐Meier et al., 2014; Pawley, 2007; Warren & Snell,
1991). In embolomerous taxa (anthracosaurids), the intercentra and pleurocentra are
typically equal-sized discs perforated by a notochordal canal, with a single neural arch
(Figure 1) (Holmes, 1989a, 1989b; Panchen, 1966). This vertebral form is seen in taxa
from aquatic and semi-aquatic environments like those inhabited by modern crocodiles
(Holmes, 1989b; Panchen, 1966). The gastrocentrous form arises in diadectids and stem
reptiles. This vertebral form has a highly reduced crescentic intercentrum and an enlarged
pleurocentrum on which the neural arch fuses (Danto et al., 2016). Lastly, seen
exclusively in Lepospondyli, holospondylous vertebrae are monospondylous vertebral
units with both a notochordal canal and a spinal canal (Danto et al., 2016). This vertebral
type is the only monospondylous vertebral unit in the study. The centrum in
holospondylous vertebrae is generally assumed to be the pleurocentrum. The status of the
intercentrum (fused or lost) in holospondylous taxa is still hotly debated (Danto et al.,
2016; Konietzko‐Meier et al., 2014). Many studies have used form-function relationships
developed in modern taxa to address the effects of vertebral morphology in complex
vertebrae; however, few have investigated any added complexity generated by
multipartite vertebral units (Boszczyk et al., 2001; Buchholtz, 2001; Buchholtz & Schur,
2004; Jones, 2015; Long et al., 1997; Porter & Long, 2010; Shapiro, 2007; Shapiro et al.,
2001; Viglino et al., 2014; Wachs et al., 2016).
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There are some historical and widely accepted form-function relationships in the
tetrapod vertebral column. For example, it is widely accepted that the evolution of angle
and shape of pre and postzygapophyses were essential for locomotion on land (Rockwell
et al., 1938). The vertebral count is also widely accepted to correlate tightly with the
ecological niche, i.e., taxa with higher vertebral counts are frequently aquatic, and lower
vertebral counts are found in terrestrial taxa (though specialized taxa exist, aïstopods and
snakes are terrestrial taxa with high vertebral counts) (Holmes, 1989a; Long & Nipper,
1996; Rockwell et al., 1938). In addition to morphological studies, some studies have
also investigated the vertebral unit composition and potential range-of-motion (Holmes,
1989a; Olson, 1976; Parrington, 1967, 1977).

4.1.2 History of Form-Function Relationships in Stem-Tetrapod Vertebral Columns
In the one of the first experimental studies investigating vertebral form and
function, Parrington generated physical models to investigate differences between
rhachitomous and monospondylous vertebrae (Parrington, 1967). His physical models
were wooden blocks cut into cylinders and rectangles, for the respective vertebral types.
He determined that rhachitomous taxa had high degrees of flexibility and generated more
long axis rotation than monospondylous vertebral types. He attributed twisting in the
axial column to the proportionally large skulls in Temnospondyli, stating that their large
heads would have required additional axial twisting to maintain a stable center of mass
configuration while locomoting on land. He additionally stated that anthracosaurids likely
used a highly sinuous anguilliform mode of swimming, and their neural arch
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configurations reduced the flexibility predicted by diplospondyli. In this seminal work, he
also stated that Diplocaulus magnicornis and other aquatic lepospondyls swam akin to
newts, by holding the body rigidly and generating thrust primarily by the tail (Parrington,
1967). Although he only commented on the vertebral flexibility of seymouriamorphs, the
gastrocentrous forms seen in Seymouriamorphs are also seen in diadectids, and his
conclusions are equally applicable. He stated that seymouriamorphs had pre and
postzygapophyses that significantly limited axial torsion but permitted a great deal of
sagittal flexibility (Table 1).
Olson, in 1976, investigated solely pre and postzygapophyses in stem tetrapods.
Similar to Parrington, Olson stated that the swollen neural arches in seymouriamorphs
and Diadectes permitted large degrees of flexibility in lateral bending but resisted axial
rotation. However, contrary to Parrington, Olson stated that the pre and
postzygapophyses displayed by embolomeres and rhachitomous taxa would have resisted
axial rotation and allowed only moderate lateral bending (Table 1) (Olson, 1976).
Again in 1977, Parrington investigated the role of intercentra that had been
retained in cynodont cervical vertebrae but lost in the rest of the axial column. He
proposed that during dorsoventral flexion, the intercentra would move ventrally and
permit a greater flexion without additionally stretching the spinal cord (Figure 1).
Following this hypothesis, he suggests that taxa with large intercentra increase lateral
flexion and that the angles of prezygapophyses would then resist torsion (Parrington,
1977).
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Holmes (Holmes, 1989a) in 1989 noted that Parrington did not use any neural
arches in his experimental design despite their relevance to vertebral function during
locomotion. Holmes did not negate any of Parrington’s findings, but only questioned
their relevance. Lastly, Holmes declared that seymouriamorphs, embolomeres, and
rhachitomous taxa evolved coupled motion. In these taxa, as vertebrae rotated axially,
they also bent laterally (Holmes, 1989a; 1989b). Dilkes and Brown focused solely on
specific terrestrial rhachitomous taxa (Cacops aspidephorus and Dissorophus
multicintctus) (Dilkes & Brown, 2007; Dilkes, 2009).. They found that rhachitomous
taxa, without additional vertebral changes such as fused osteoderms, had a great deal of
lateral bending flexibility (Dilkes & Brown, 2007; Dilkes, 2009). Only one of these
studies attempted an experimental approach to stem-tetrapod vertebrae, and only one
study addresses the potential effect of multipartite vertebrae. Despite the limited attention
that the topic of vertebral composition has seen over the last century, it is accepted that
axial addition to locomotion in stem tetrapods was crucial (Clack, 2012; Deban &
Schilling, 2009; Karakasiliotis et al., 2012; Pierce, Hutchinson, et al., 2013; Rockwell et
al., 1938; Schilling, 2011). The complex vertebral forms of the stem-tetrapods present a
unique challenge in functional morphological modeling, and in turn, accounts for why
form-function relationships remain unclear (Table 1).
There are complex vertebral types that are not seen in any modern taxa, so using
modern taxa as functional analogs is challenging. Species within Gekkonidae and
Xantusiidae, have persistent notochords through adulthood, and species within Lacteridae
have small crescentic intercentra (Barbadillo & Martínez-Solano, 2002). However, no

Chapter 5: Summary, Limitations, Implications and Conclusions

84

modern taxa have rhachitomous or embolomerous structures, so relying on modern taxa
as analogs is not currently a viable option. Additionally, Molnar et al., found that linear
and angular measurements which are predictive of locomotor mode in mammals are not
predictive in crocodiles because of differences in the mechanical function of the spine in
crocodiles (Molnar et al., 2014). Without empirical testing of relationships between
morphology, vertebral composition, and range of motion, we cannot presently confirm if
the same linear and angular measurements are predictive of range-of-motion in fossil
taxa. Without range-of-motion information, elucidating their role in the vertebral column
remains difficult. While we cannot use functional analogs, technological advances have
permitted a new form of empirical inquiry.
The purpose of this study is to examine the effect of vertebral composition and
morphology on a singular joint range of motion in the vertebral column. We conducted
an osteological range of motion study using our previously described CAD modeling
methodology. Additionally, we used 3D printing to investigate passive stiffness (i.e.,
stiffness based solely on bone morphology, not musculature or tendon) among taxa. We
investigated five fossil taxa: Diplocaulus magnicornis (Di. magnicornis, aquatic
holospondylous), Cacops aspidephorus (C. aspidephorus, terrestrial rhachitomous),
Diadectes sideropelicus
(D. sideropelicus, terrestrial gastrocentrous), Archeria crassidisca (A. crassidisca,
aquatic embolomerous), and Parioxys bolli (P. bolli, terrestrial rhachitomous). These taxa
represent differences in the Permian vertebral compositions, morphologies, and ecologies
(Table 2) (Danto et al., 2016; Holmes, 1989a; Panchen, 1977; Sumida, 1990a,
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1990b). We selected Permian taxa due to the clear understanding of their contrasting
environments and quality of preservation. Based on the composition and neural arch
morphologies, we hypothesized that rhachitomous taxa would have greater ranges of
motion and higher peaks in ranges of motion than monospondylous taxa.

4.2 Methods
4.2.1 Obtaining Vertebrae from Relevant Taxa
We collected at least two articulated vertebral units from four species of stem
tetrapods. We define a vertebral unit as a single vertebra with all of its constituent parts
present as defined by its vertebral composition type, e.g., a complete rhachitomous
vertebra will have a neural arch, paired pleurocentra, and intercentra all preserved (Figure
1). Selected specimens were scanned using computed-tomography with a General
Electric BrightSpeed 16-slice CT scanner at the University of Pennsylvania School of
Veterinary Medicine. These slices were then imported into NIH 3D Slicer (Fedorov et al.,
2012). Each bony element per vertebral unit was segmented to generate separate 3D files
that could move relative to each other (Figure 1). We did this by giving each vertebral
element a separate label in the Segmentation Editor Module (Fedorov et al., 2012). We
then used a grow-cut algorithm in the Segmentation Editor Module, and this algorithm
labeled each vertebral element through all the CT slices. Once each slice was labeled, the
2D labels were exported into the Model Maker Module and, lastly, saved as 3D mesh
files (STLs). The fossil taxa required additional STL manipulation before we imported
them into Autodesk Fusion360.
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Once 3D STLs were generated from the CT slices, we then imported them into
Autodesk Meshmixer (Autodesk Meshmixer; http://www.meshmixer.com/). Once in
Meshmixer, we used the mirror function to create mirror STLs of both the left and right
sides of each vertebral element. We conducted this manipulation under the assumption of
bilateral symmetry for vertebrae. The mirror sides used for the final analysis were sides
that were most symmetrical along the most axes, and all STLs are available upon request.
We then imported both left and right mirrors STL files into Fusion360 to convert the
STLs into useable files for the model (Figure 2).
As in our previous study, before every trial, each vertebral unit was aligned in a
starting neutral position (Carter et al., 2020 in prep). This starting position had no boneon-bone contact between adjacent vertebrae, and this would permit the model to move
(Molnar et al., 2015). As previously, we aligned spinal canals, and when present
notochordal canals between successive vertebrae, neural blades parallel to the Y-axis, and
ventral lines of cranial and caudal centra were on the same Y coordinate. To follow this
protocol, we created two different workflows, one for monospondylous taxa (D.
sideropelicus, Di. magnicornis) and another for rhachitomous taxa (P. bolli,
C.aspidephorus, A. crassidisca)
Monospondylous vertebrae taxa
Our final alignment for D. sideropelicus and Di. magnicornis resulted in
vertebrae, with their articular facets having a 100% overlap. We additionally had to align
the notochordal canal in Di. magnicornis.
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Multipartite vertebrae taxa
As for the monospondylous taxa alignment process, the first aligned element is
the neural arch. We first imported the caudal neural arch, fixed its location using the
ground function, and then imported the adjacent cranial neural arch. We moved the
cranial neural arches in the Y-axis first, then subtract the Z displacement from the caudal
neural spine, then aligned the spinal canals. Once aligned, the cranial and caudal neural
arches are fixed in the coordinate space. For A. crassidisca, we imported the caudal
intercentrum and aligned it with the ventral articular surface of the caudal neural arch.
Following this, we imported the pleurocentrum and aligned it using the notochordal canal
and ventral surface of the caudal intercentrum. Lastly, we imported the cranial
intercentrum and placed it below the ventral articulating surface of the cranial neural arch
and aligned its notochordal canal with that of the pleurocentrum and caudal intercentrum.
In the last step, we removed the grounded function from the cranial neural arch; in our
range of motion studies, the cranial neural arch, cranial intercentrum, and pleurocentrum
are permitted to move, but the caudal neural arch or intercentrum remains fixed.
For P.bolli and C. aspidephorus, we imported the caudal pleurocentra and aligned
them with their respective articular surfaces on the caudal neural arch. We then grounded
the caudal pleurocentra and imported the caudal intercentrum. We aligned the caudal
intercentrum with the surfaces along the caudal pleurocentra and also fixed the caudal
intercentrum. These elements are fixed for the remainder of the analyses. Next, we
imported the cranial neural arch and aligned it using identical steps to aligning the neural
arch of A. crassidisca. Once this neural arch was placed, the alignment steps were
identical to those of the caudal pleurocentra and intercentrum. To confirm that both
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centra were aligned, we visually inspected the notochordal canal and the ventral surfaces
of the intercentra along the YX plane.
4.2.2 Treatments and Trials
4.2.2.1 Center of rotation
Following the procedures of previous studies of mammals and crocodiles (Molnar
et al., 2015; Molnár et al., 2006; Samagh et al., 2011), we placed the center of rotation
(COR) in the center of the ventral curvature of the spinal canal of D. sideropelicus. The
following centers of rotation are summarized in Table 3. Di. magnicornis has both a
spinal canal and a notochord canal. We placed a COR in the ventral curvature of the
spinal canal and in the notochordal canal and generated two different data sets rather than
deciding a priori for a single COR. Similarly, centers of rotation were placed in the
spinal canal and notochordal canal of both cranial intercentra and pleurocentrum of A.
crassidisca. We placed CORs in the base of the notochordal canal on the intercentrum of
C. aspidephorus, and on the cranial side of the intercentrum for the paired pleurocentra.
However, the neural arch of C. aspidephorus did not receive a center of rotation because,
in life, the animal had a fused carapace, and it was unlikely that the neural canal exhibited
any movement (Dilkes & Brown, 2007; Dilkes, 2009). Lastly, we placed a CORs in the
same places as C. aspidephorus and a new COR in the ventral surface of the spinal canal
in P. bolli.
Once we placed the CORs, we selected some CORs to be paired with others.
Several histology studies have shown Sharpey’s fibers on the lateral and ventral surfaces
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of the intercentrum and pleurocentrum in A. crassidisca, suggesting that an axial muscle
attached to both elements (Danto et al., 2016, 2017). When the muscle contracted, both
elements likely would have moved, and to represent this, we paired the intercentrum and
pleurocentrum CORs in A. crassidisca. A COR pair causes the centers to rotate at the
same rate, but they are allowed to translate independently. We also paired the
intercentrum, and cranial neural arch in A. crassidisca, as a neural arch rotating without
the intercentrum would very likely have caused tissue damage. Similarly, to represent the
cartilage between paired pleurocentra and the intercentrum, we paired the COR in P. bolli
and C. aspidephorus. Both pleurocentra had their own COR and could rotate
independently of each other, but not independent of the intercentrum (Table 3).
4.2.2.2 Treatments
Once CORs were placed, we selected two joint types for this study, a rotational
joint, and a pin-slot joint. Pin-slot joints permit rotation along one axis and translation
along another. Except in axial rotation (rotation around the Z-axis in our study), all
translation axes were the craniocaudal (Z) axis. In axial rotation, the translation axis was
the tranverse axis (X-axis). For lateral bending (Y-axis) and dorsoventral flexion (Xaxis), the translation axis was always along the craniocaudal axis (Z-axis) of the body. In
this mode as the centrum or neural arch (depending on the COR) rotates it also can move
cranially (in the cases of lateral bending and dorsoventral flexion) or laterally (in the case
of axial rotation).
We conducted osteological range-of-motion studies in axial rotation, lateral
bending, dorsal flexion, and ventral flexion, each ranging from 0% translation to articular
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facet disarticulation. We additionally recorded the XYZ coordinates of the center of mass
of one vertebral unit.
4.2.3 Osteological Morphometrics
We compiled a list of 14 linear and angular measurements from previous studies to
estimate relative joint stiffness and range of motion. These measurements have
previously been correlated with joint behavior stiffness or range of motion in taxa,
including crocodiles, primates, and dolphins (See Molnar et al., 2015 and the citations
within). We took measurements using the Measure function in Autodesk Fusion360. We
normalized our linear measurements using:
𝐿𝑠

(1) 𝑀𝑎𝑑𝑗 = 𝑀(𝐿𝑜)𝑏 (Elliott et al. , 1995)
The adjusted measurement is equal to the original measurement (M) times the overall
mean length of the dorsal series (Ls:taken by multiplying the length of one centrum by
the total number of the dorsal vertebrae) over the length of the current centrum (L o), and
b is the slope of the regression of logM over logLo (Elliott et al., 1995).
4.2.4 Statistical Analyses
To determine the number of trials necessary for each motion type and species, we
calculated the cumulative mean after each trial. Once we saw the mean of each additive
trial had plateaued, we deemed that many trials to be a representative amount of data. We
used the angular distances (the mean of left and right angular displacement) of trials as
our base unit for all statistical analyses. This measurement is linear rather than angular, so
we did not use angular statistics (Batschelet, 1981). All statistical analyses we conducted
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in R cran. We used a Shapiro-Wilk test to determine the normality of our data;
subsequently, we used Krusak-Wallis and Dunn post-hoc tests to determine the following
questions:
1. Are ranges of motion across fossil taxa different?
2. Are there differences in translation treatments within taxa and motion types?

4.3 Results
We took 17 morphological measurements from the literature, and an additional four
measurements (to capture morphometrics surrounding the pleurocentra) to predict rangeof-motion in our fossil taxa (Figure 5). We predicted C. aspidephorus and P. bolli would
have the greatest maximum angular deflection followed by Di. magnicornis, A.
crassidisca, and D. sideropelicus. In both lateral bending and ventral flexion, we
predicted D. sideropelicus would have the greatest maximum deflection followed by Di.
magnicornis, A. crassidisca, and lastly, C. aspidephorus and P. bolli. Lastly, in dorsal
flexion, we predicted C. aspidephorus and P. bolli would both have the greatest angular
deflection. Second would be A.crassidsica, then D. sideropelicus and the most restricted
taxon would be Di. magnicornis.
We predicted in lateral bending, and ventral flexion D. sideropelicus would have
the greatest stiffness followed by Di. magnicornis, then A. crassidisca, and lastly, P.
bolli. Dorsal flexion, we predicted the following order from highest stiffness to lowest
stiffness: D. sideropelicus, A. crassidisca, P. bolli, and lastly, Di. magnicornis.
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We note that C. aspidephorus is unique in that its neural arch is entirely fused to
the dorsal carapace and immobile. The ranges reported represent only the range of motion
of the intercentra and paired pleurocentra. Additionally, we did not 3D print or calculate
the stiffness of this taxon. We manipulated the 3D files of rhachitomous to act as one
monospondylous unit. As C. aspidephorus has a fused neural arch, and we would have
attached its intercentra and pleurocentra to that neural arch no bending would have
occurred in a physical bending test.

4.3.1 Treatment
We found that >5% of treatment was statistically distinct from the three other
treatments. The 0% treatment differed from 3%, but 1.5% was not different from 3 or
0%. For all forms of motion, except axial rotation, as translated distance increased, so too
did maximum and mean ranges of motion (Table 6). These translation distances represent
the vertebrae moving cranially (in the cases of lateral bending and dorsoventral flexion)
or laterally (axial rotation) while rotating. What controls this cork-screw like motion
(intervertebral disk, or articular cartilage) varies in extant taxa and is not elucidated by
this study.
Additionally, we calculated a range of motion profiles for Di. magnicornis for
centers of rotation both on the notochordal canal and the spinal canal. Using a Wilcoxonrank test, we determined there was no statistical difference between these two points
except for dorsal and ventral flexion.
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4.3.2 Axial Rotation
Our range-of-motion results did not match our osteological prediction. D.
sideropelicus had the greatest maximum obtainable angles and the largest range in axial
rotation. P. bolli and C. aspidephorus exhibited the second greatest range, followed by A.
crassidisca and Di. magnicornis.
In the 0% model, there were significant differences between A.crassidisca and
D.sideropelicus and D. sideropelicus and Di. magnicornis. In the 1.5% model, there
were significant differences between D. sideropelicus and Di. magnicornis and Di.
magnicornis and P.bolli. In the 3% model, there were significant pairwise differences
between A.crassidisca and D. sideropelicus, and D. sideropelicus and Di. magnicornis,
A.crassidisca and P.bolli, and Di. magnicornis and P.bolli. In the >5% trial, there were
significant pairwise differences between A.crassidisca and D. sideropelicus, between D.
sideropelicus and D. magnicornis, and Di. magnicornis and P. bolli (Figure 6).
Most tetrapods clustered near the origin with the center of mass displacements. In
0-3% treatments as the range of motion increased overall, COM displacements did not.
However, in the 5% treatment, there were large displacements, and monospondylous taxa
(Di. magnicornis and D. sideropelicus) experienced higher center of mass displacement
than rhachitomous taxa of the same ranges of motion.
There is no significant difference between ranges of motion between the COR on
the spinal canal or the notochord canal in Di. magnicornis.

4.3.3 Lateral Bending
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The calculated ranges and maximum degrees of flexion followed our prediction,
except for A.crassidisca and P.bolli, which were inverse of our prediction, P.bolli had
higher maximum values and a greater range of motion than A.crassisidca.
There was no difference between ranges of motion in Di. magnicornis whether
the center of rotation was placed on the spinal canal or in the notochord canal. The
pairwise differences we report below are true for both locations. In the 0%,1.5%, and 3%
trial, there were significant differences between A.crassidisca and D.
sideropelicus and D. sideropelicus and P.bolli; no other pairwise comparisons were
significant. In the 5% trial, there were significant differences
between A.crassidisca and D. sideropelicus, A.crassidisca, and Di. magnicornis, D.
sideropelicus and P.bolli, and Di. magnicornis and P.bolli (Figure 7).

As the range of motion increased center of mass displacements linearly increased.
The rhachitomous taxa clustered closely in 3% and 5% trials with COM displacements
but also had smaller ranges of motion than the monospondylous taxa. C. aspidephorus
experienced smaller COM displacements for similar ranges of motion when compared to
P. bolli and A.crassidisca.
Our stiffness results did not match our hypotheses. D. sideropelicus and P. bolli
had the greatest stiffnesses and then A. crassidisca and Di. magnicornis.

4.3.4 Ventral Flexion
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Our range of motion results did not match our osteological-based predictions. When the
center of rotation was placed on the spinal canal in all models, there were significant
differences between A.crassidisca and D. sideropelicus, D. sideropelicus, and Di.
magnicornis, and D. sideropelicus and P. bolli. In all trials, D. sideropelicus had the
greatest maximum rotation and the greatest ranges. Di. magnicornis had the second
greatest maximum range, but these were not distinct from C. aspidephorus, P. bolli, or
A.crassidisca (Figure 8). We found additional pairwise differences when the center of
rotation was placed on the notochordal canal for Di. magnicornis. In all treatments, there
was a pairwise difference between Di. magnicornis and P. bolli.
Generally, as the range of motion increased, so too did COM displacements. D.
sideropelicus had the highest ranges of motion and the highest center of mass
displacements. C. aspidephorus had almost no change in motion across its center of mass
displacements.
As for lateral bending, our stiffness results did not match our hypotheses. In
decreasing order, D. sideropelicus, P. bolli, and A. crassidisca had similar stiffnesses,
and Di. magnicornis had the lowest stiffness and was markedly different from the rest of
the taxa.

4.3.5 Dorsal Flexion
Similar to ventral flexion, our model results were almost inverse of our
osteological prediction. D. sideropelicus generally had the greatest maximum flexibility
whereas C. aspidephorus and P. bolli were very restricted. When the center of rotation
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was placed on the notochord canal in Di. magnicornis for the 0% and 3% trial, there were
no significant pairwise differences. In the 1.5% treatment, there was only a difference
between D. sideropelicus and D. magnicornis. In the 5% trial, there were significant
pairwise differences between A.crassidisca and D. sideropelicus, A.crassidisca, and Di.
magnicornis, D. sideropelicus and P. bolli, and D. magnicornis and P. bolli. The largest
range and highest maximum values were seen in D. sideropelicus, followed by Di.
magnicornis, A.crassidisca, and lastly, P. bolli (Figure 9).
We found when the center of rotation was placed on the spinal canal of Di.
magnicornis, it had statistically higher ranges of motion than all other taxa except for in
the 3.0% treatment when it was indistinguishable from D. sideropelicus. As dorsal
flexion increased, the center of mass displacements also increased. Notably, P. bolli, C.
aspidephorus, and A.crassidisca similarly clustered in the 5% treatment trials.
Lastly, our stiffness predictions did not match our results. D. sideropelicus had a
markedly high and different stiffness than the other taxa. Second, highest stiffness was P.
bolli, then A. crassidisca, and finally a markedly low Di.magnicornis.

4.4 Discussion
4.4.1 Axial Rotation
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Although we modeled axial rotation with our osteological range of motion
method, we were unable to model that movement with physical models. We suggest other
studies investigate in the future. Here we discuss the implications of our CAD model. We
found no consistent relationships between vertebral composition and overall range-ofmotion in axial rotation. Our findings are contrary to those of Parrington, Holmes, but
support those of Olson (Table 1). In contrast to Parrington, the rhachitomous taxa did not
exhibit any more long-axis rotation than the monospondylous taxa. This result may be
attributed to the reduced complexity of Parrington’s original model (crescent-shaped
wood and block wood) in comparison to our current model (more complex centra shapes,
and neural arches present) (Parrington, 1977). We found no differences based on
vertebral type; another interpretation could be how the tetrapods of our study locomote in
their described environment.
Olson attributed small axial torsion in terrestrial taxa to a decrease in skull size
relative to the body (following Parrington 1977), and a change of emphasis from the
vertebral column to the humeral rotation and newly evolved motion in the movement of
the shoulder girdle relative to the ribs (E. Olson, 1936; E. C. Olson, 1976; Parrington,
1977). Additionally, the long-axis torsion hypothesis proposed by Carrier 1990 posits that
terrestrial taxa must stabilize their vertebral columns against gravity, and long-axis
rotation generated from the pectoral and pelvic girdles rotating during a step (Carrier,
1990). This hypothesis, supported by electromyography studies, suggests that terrestrial
taxa would need to stabilize against long-axis rotation, more so than aquatic taxa
(Ashley-Ross, 1994; Bennett et al., 2001; Deban & Schilling, 2009; Frolich & Biewener,
1992). We do not find any differences between the environments in our data. While Di.
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magnicornis and A. crassidisca are both aquatic taxa, Di. magnicornis is known to have
descended from terrestrial ancestors (we suggest later A. crassidisca also descended from
terrestrial taxa), and perhaps changes in axial rotation were not necessary for a reinvasion
of aquatic habitats (Ruta et al., 2003). While our study did not find differences related to
the environment or vertebral composition, we did reveal previously unrecognized
osteological limitations on axial torsion.
Previously the width and orientation of the prezygapophyses were correlated to
axial rotation range-of-motion. However, neither of these morphological relationships
were predictive of our experimental range of motion. Different osteological limitations
suggest vertebral composition is not a primary limiter of axial rotation. D.
magnicornis and D. sideropelicus are both monospondylous but exhibited different
morphological limitations. Axial rotation stopped in

D. magnicornis when the

postzygapophyses came in contact with the expanded cranial neural arch. D.
sideropelicus range-of-motion was limited by how much the prezygapophyses could
translate. A. crassidisca, P. bolli, and C. aspidephorus were all limited by one of the
centra coming into contact with the caudal neural arch (the pleurocentra
for A.crassidisca and the intercentra in C. aspidephorus and P. bolli). As the limiting
factor of axial rotation in all taxa is not limited to the articular processes spacing, we
argue these measurements are not predictive in ancient tetrapod taxa.
Unlike other directions of motion, stem-tetrapods had a limited range of motion in
axial rotation; the ranges only spanned 2-5 degrees. Additionally, crocodile trunk
vertebrae have been reported at three degrees, and gopher snakes 2-3 degrees (Moon,
1999; Salisbury & Frey, 2000) We do not believe this is indicative of a model limitation;
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in lateral bending and dorsoventral flexion, there are differences (within and between
species). In human studies, an increase in local mechanical torsion (not compression as
seen in lateral bending or dorsoventral flexion) is linked with disc degeneration (Brink et
al., 2019). Our results suggest that limiting torsional loads on the soft tissues between
taxa may be conserved across tetrapods.
4.4.2 Lateral Bending

Intervertebral joint stiffness is related to how much work is required to produce a
bending motion. Stiffer columns require greater work (produced by musculature) to
produce bending. Moreover, a stiffer column provides passive support against
gravitational forces (Molnar et al., 2014, 2015; Nowroozi & Brainerd, 2013). What
determines stiffness across an intervertebral joint varies across taxa. Modern studies have
suggested in larger mammal taxa it is the robust intervertebral disks, but in smaller
mammalian taxa the interspinous ligaments (ligamentum flava) (Gál, 1993). In
Crocodylus it is the intervertebral disks that primarily resist deflection (Molnar et al.,
2015c). In dolphins it has been reported the width of the nucleus pulposus and the height
of the transverse processes are correlated with stiffness (Long et al., 1997). Here we
discuss the results of our stiffness experiments and osteological range of motion results
for lateral bending, dorsal and ventral flexion.
Terrestrial taxa (D. sideropelicus and P. bolli) had greater stiffnesses than aquatic (A.
crassidisca and D. magnicornis). Terrestrial taxa (D. sideropelicus and P. bolli) had
greater stiffnesses than aquatic (A. crassidisca and Di. magnicornis). The terrestrial taxa
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having a higher stiffness than the aquatic taxa is unsurprising given differences in their
gravitational constraints. Generally, with secondarily aquatic taxa, there is a decrease in
axial stiffness, seen in early ichthyosaurs, mosasaurs, sauropterygians, and whales, and in
later descendants there is an increase in joint stiffness (Molnar et al., 2015; Motani et al.,
1996). While there is no debate on the ancestry of Di. magnicornis, we suggest that the
low intravertebral joint stiffness in A. crassidisca suggests a terrestrial ancestor.
In our osteological model, only in at maximum intervertebral space (maximum
translation distances in our model) did we find any patterns in the range of motion in
different vertebral types. Monospondylous taxa had greater lateral flexion than
rhachitomous taxa; this likely reflects osteological limitations. The arc of lateral flexion
in C. aspidephorus is statistically indistinguishable from that of A.crassidisca and P.
bolli. C. aspidephorus has an immobile neural arch, unlike A.crassidisca and P. bolli
(Dilkes & Brown, 2007b; Fröbisch & Reisz, 2012). This immobility suggests the
osteological limitation in lateral bending for this group is not the neural arch, but rather
the caudal centra element. Indeed A.crassidisca¸ P. bolli and C. aspidephorus all cease
moving when the caudal centra element (pleurocentra in A.crassidisca and intercentra
in C. aspidephorus and P. bolli) comes into contact with the caudal neural arch. In
contrast, Di. magnicornis and D. sideropelicus were only limited by their translation
along the articular facets to avoid neural arch contact. Additionally, Olson predicted that
taxa with broad neural arches and horizontal zygapophyses would have considerable
lateral flexibility (Olson, 1936; Olson, 1976). This relationship has since widely been
accepted, and we also found taxa with horizontal zygapophyses (D. sideropelicus and Di.
magnicornis) had the highest lateral bending (Boszczyk et al., 2001; Shapiro & Simons,
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2002). Although the zygapophyseal relationship with lateral flexion may only work with
monospondylous taxa, rhachitomous taxa were not limited by zygapophyseal contact.
Additionally, our range of motion profiles corroborates the previously proposed
ecological hypotheses of our fossil taxa.
Our results only reflect a local mechanical range of motion, but when extrapolated
across multiple joints, we find our data corroborate previous ecological studies (Table 1).
A.crassidisca had the smallest lateral flexion, mean values ranging from 5.5 to 6.0
degrees. However, A.crassidisca is also known to have 32 thoracic vertebrae, preceding
40 caudal vertebrae(Holmes, 1989b; Panchen, 1966). While local lateral bending is
minimal, this very large number of vertebrae combined with the low intervertebral joint
stiffness suggests an anguilliform mode of swimming (Holmes, 1989b; Panchen, 1966).
By having a reduced local mechanical range of lateral bending, we can now additionally
posit that A.crassidisca had increased control over its body axis (Blight, 1977; McHenry
et al., 1995). In contrast, Di. magnicornis has greater peak lateral bending than
A.crassidisca but a markedly reduced vertebral count (12 presacral vertebrae in Di.
magnicornis compared to 40 in A.crassidisca). It also had a low intravertebral joint
stiffness and suggests some axial bending, unlike previous studies. Previous studies
suggested Di. magnicornis, swam with a stiff presacral series with most of the propulsion
stemming from the tail and in quick movements of the tabular horns (Cruickshank &
Skews, 1980; Parrington, 1967, 1977). C. aspidephorus and P. bolli previously have been
described as active, terrestrial running predators, and how their vertebral column relates
to this ecology cannot be elucidated here (Dilkes & Brown, 2007; Dilkes, 2009).
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4.4.3 Dorsoventral Flexion
We found that only in trials with maximum translation was there a difference
between vertebral types, Di. magnicornis, and D. sideropelicus had greater dorsal and
ventral flexion than the rhachitomous taxa. Previous paleontological studies did not
comment on dorsal or ventral flexion. In dorsal and ventral flexion, rhachitomous taxa
were limited by central elements coming into contact with the caudal neural arch. This
osteological limitation explains that the zygapophyseal angle was not related to increases
or decreases among taxa. In modern taxa, it is generally accepted that vertical
zygapophyses permit greater dorsoventral flexion than horizontal zygapophyses
(Boszczyk et al., 2001; Molnar et al., 2014; Shapiro, 2007; Shapiro et al., 2001).
However, this was not the case in our taxa, as D. sideropelicus and Di. magnicornis had
the greatest dorsoventral flexion combined with horizontal facing zygapophyses. It is
worth noting that D. sideropelicus has zygapophyseal articulations that suggests a high
resistance to trunk sag; it is these same facets that allow such a large range of motion in
ventral flexion (between 2-25 degrees)
In addition to zygapophyseal orientation, aspect ratios of centra have also been
reported to increase or decrease sagittal mobility. Disk-shaped centra, centra that have
short lengths and large heights, correlated with lower sagittal mobility (Buchholtz, 2001,
2007). Conversely, spool-shaped centra with long axial lengths and short heights,
correlate with greater sagittal mobility (Buchholtz, 2001, 2007). These measurements
may only apply to monospondylous taxa, as measuring them in crescentic intercentra as
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seen in P. bolli and C. aspidephorusis not only difficult but is possibly meaningless as
well. By only measuring centra length and width we not fully capture the shape variation
in crescentic intercentra, and this would lead to misinformation in any functional
morphological conclusions. Di. magnicornis has the lowest stiffness in dorsoventral
flexion. The low stiffness in Di. magnicornis may be related to the suggested attack
strategy of Di. magnicornis: Di. magnicornis would lift its head to produce lift through
the water column to attack prey from below (Cruickshank & Skews, 1980; Skews, 2016).
Interestingly, A. crassidisca and D. sideropelicus have identical stiffness in ventral
flexion, but D. sideropelicus has a lower stiffness in ventral flexion than dorsal flexion.
Dorsoventral flexion in the vertebral column has been studied classically in mammalian
and crocodilian taxa, but its function remains unclear in salamanders (a more appropriate
modern analog for stem tetrapods) (Bennett et al., 2001; Frolich & Biewener, 1992;
Karakasiliotis et al., 2012). This lack of modern analog experimentation makes it difficult
to determine the role of dorsoventral flexion (if any) in locomotion in stem tetrapods.

4.5 Conclusion
While we have estimated range-of-motion profiles for stem tetrapod vertebrae, there
are additional studies that would increase the accuracy of our predictions. Conducting
osteological range-of-motion studies on gekkonids would help determine the range-ofmotion in modern taxa that still have persistent notochords through adult stages (Jonasson
et al., 2012). Additionally, while it is markedly smaller, lacertids, Gekkonidae, and
Xantusiidae still have intercentra and persistent notochords (Barbadillo & Martínez-
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Solano, 2002). Osteological range-of-motion studies on the vertebral columns in this
group would better constrain the motion potential between intercentra and pleurocentra.
We demonstrated previously undescribed osteological limitations in range of motion
and calculate joint stiff in stem tetrapod vertebral columns. We found differences
between monospondylous taxa and rhachitomous taxa were more prevalent than those
predicted by ecological need at local joint levels. We investigated single joint kinematics,
and there is still work to be done on multi-joint dynamics of ancient vertebral columns, as
well as a study on the stiffness of these vertebral configurations. This preliminary study
lays the groundwork for more detailed experiments on these unique and complicated
vertebral compositions. In this study we combined experimental 3D printing techniques
and an improved mode of osteological range of motion technique. It is only with these
techniques combined we were able to robustly investigate locomotion of long extinct
basal tetrapods with no known living descendants. We hope future investigators use this
combination of techniques to further investigate extinct taxa.
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TABLE 4-1 Table summarizing functional morphological studies of stem-tetrapod
vertebral range of motion. Abbreviations: AR; axial rotation, LB: lateral bending,
DVF: Dorsoventral flexion.
Vertebral Type

Parrington 1967
Olson 1976
AR
LB
DVF AR LB

Holmes 1989
DVF AR
LB

Rhachitomous

High N/A

N/A

Low Med

N/A

Med. Coupled N/A

Embolomerous

Low

Low

N/A

Low Med

N/A

High Coupled N/A

Gastrocentrous

Low

High High Low High N/A

Low

Coupled N/A

Holospondylous

Low

Low

N/A

N/A

N/A

Low Med

N/A

DVF

N/A
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TABLE 4-2 Vertebral, environmental and taxonomic background of the taxa in this
study. Inferred environment (ENVS), A: aquatic; T: terrestrial. Vertebral type, E:
Embolomerous;
R: Rhachitomous; H: Holospondylous; G: Gastrocentrous
Taxa

Vertebral
Type

Inferred
Envs

Taxonomic
assignment

A. crassidisca

E

A

C. aspidephorus R

P. bolli

R

Di. magnicornis H

D.sideropelicus

G

T

T

A

T

Embolomeri

# of
Thoracic
vertebrae
40

Total
body size
(m)
4

Dissorophoidea

(Holmes,
1989b)
12

(Panchen
, 1966)
0.5

Dissorophoidea

(Holmes
et al.,
2013)
9

(Fröbisch
& Reisz,
2012)
0.5

Lepospondyli

(Carroll,
1964)
13

(Carroll,
1964)
1

Seymouriamorpha

(Williston (Willisto
, 1908)
n, 1908)
21
2.35
(Sumida,
1990a)

(A. S.
Romer,
1944)
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FIGURE 4.1One vertebral unit, A. crassidisca. Left: A cranial view; B lateral view.
Right bony elements of each vertebral unit: a1: cranial neural arch; a2: cranial
intercentrum; a3: pleurocentrum; a4: caudal neural arch; a5: caudal intercentrum.
Note prominent notochordal canal
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FIGURE 4.3 All fossil taxa used in the current study. Top: monospondylous taxa,
bottom: multipartite taxa. A: D. sideropelicus, B: Di. magnicornis, C: A. crassidisca,
D:C. aspidephorus, E: P. bolli
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TABLE 4-3 Table displaying all centers of rotation and which joints were paired.
Abbreviations: SC: spinal canal; NC: notochord canal; I-NC: intercentrum notochord
canal; P-NC: pleurocentrum notochord canal. Arrows represent the direction of the
paired joint.
Species

Center(s) of rotation

Paired joints

Monospondylous taxa
D.sideropelicus
SC

None

Di. magnicornis

SC

NC

Rhachitomous taxa
A. crassidisca

SC

I-NC

P-NC

I-NC → SC
P- NC → I-NC

C. aspidephorus

I-NC

Left P-NC

Right P-NC

Left P-NC → I-NC
Right P-NC →I-NC

P. bolli

SC

INC

Right P-NC

I-NC → SC
Left P-NC → I-NC
Right P-NC →I-NC

Left PNC

None
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FIGURE 4.2 Cross-section to demonstrate additional STL augmentations for stiffness
tests (screws, and small canals for elastics) and model spinal cord (a) and notochord
(b) (flexible rubber in black and white stripes).
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TABLE 4-4 This table demonstrates the effect of treatment type on range of motion
profiles across taxa. 1.5% treatments are no different from 3% or 0% treatments.
Axial Rotation
1.5%
3%
0%

5%
0.0006*
0.0223*
0.0000*

1.5%

3%

0.1117
0.1352

0.0102*

0.0000*
0.0017*
0.000*

0.451
0.686

0.00007*

0.0026*
0.0198*
0.0000*

0.298
0.1062

0.235*

0.0000*
0.0021*
0.0000*

0.0975
0.0873

0.0040*

Lateral Bending
1.5%
3%
0%
Ventral Flexion
1.5%
3%
0%
Dorsal Flexion
1.5%
3%
0%
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FIGURE 4.3 Moments plotted against angular deflections. We took the means of all
trials (described in the methods) for angular deflection and fit a polynomial curve to
the data
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FIGURE 4.4 Normalized morphological measurements for fossil taxa. Equation 1
demonstrates how we normalized these morphological measurements.
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FIGURE 4.5 Axial rotation for all treatments. Above (I) example of axial rotation.
The first image is neutral starting position, then axial rotation with the interecentrum
present, lastly axial rotation with the intercentrum removed to show rotation of the
pleurocentrun. Arrow represents the direction of the rotation. Below (II) each row is a
different translation treatment (0-5%). The width of the spindles represents
distribution of the data, the wider the spindle the more trials clustered around the
value.
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FIGURE 4.6 Lateral bending for all treatments. Colors and rows follow figure 6.
Above (I) example of lateral bending. The first image is neutral starting position,
second image is lateral bending with the neural arch present, the last image is lateral
bending with the neural arch removed to display bending in the intercentrum and
pleurocentrum.
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FIGURE 4.7 Ventral flexion for all treatments. Colors and rows follow figure 6.
Above (I) example of ventral flexion. The first image is neutral starting position,
second image is when the vertebral elements have ventrally flexed.
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FIGURE 4.8 Dorsal flexion for all treatments. Colors and rows follow figure 6.
Above (I) example of dorsal flexion. The first image is neutral starting position,
second image is when the vertebral elements have dorsally flexed.
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Chapter 5

Summary, Limitations, Implications
and Conclusions
5.1 Summary
I devoted this thesis to investigate a question that inspired and confounded
paleontologists since Cope, “why all these vertebral forms, why then, why not now?”.
For this thesis, I focused on probing this question in terms of function, asking the
question, “what do these vertebral forms do locally?”. The complex vertebral types were
present at the water-to-land transition, perhaps aided taxa in making such evolutionary
strides. In approximately 100 million years, the prevalence of complex vertebral forms in
many taxa, was reduced down to modern forms today, that show only have a select few
vertebral types. I sought to add to the body of knowledge of vertebral form-function
relationships.
Previous works proposed functional morphological effects of vertebral
composition on ecology. In this thesis, I attempted to test those previously held
assumptions by quantitatively investigating shape and then dynamically investigating
form. I begin by asking if the morphologies we assume given modern taxa reflect the
depositional environments we find them in. To do this, I quantified the shapes of
vertebral elements in the most diverse group of stems tetrapods (Chapter 2). The results
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from this chapter suggested that individual centra respond to ecological selection
pressures, as centra shapes of related groups differed depending on their environment.
Neural arches, however, were not correlated to any environment, nor taxonomic group,
nor geologic time-period. Additionally, semiaquatic taxa had a much smaller
morphospace than terrestrial or aquatic taxa. This reduced morphospace suggests that
semiaquatic vertebral columns are subjected to much higher selection pressures than
either aquatic or terrestrial taxa. While ecologies from the terrestrial taxa were not
particularly evident from the morphospace, the aquatic taxa clustered with specific
ecologies, i.e., bottom-walking aquatic taxa clustered closer to each other than they did to
open water swimming taxa. From these results, Chapter 2 concluded by suggesting
vertebral form is more conserved in aquatic taxa than in terrestrial taxa, and that perhaps
2D geometric morphometric analyses are not comprehensive enough to capture shape
diversity in neural arches.
In order to understand how vertebral shape may perform in a given environment, I
needed to model 3D vertebral shapes moving dynamically. Numerous methods exist to
estimate vertebral motion from bone geometry alone, but they all suffer from significant
drawbacks. Many cannot reproduce known vertebral movement accurately (translation
and rotation at a joint), and this generates significant deviation from cadaveric studies.
Others require some knowledge of material property and behaviors in living descendants
for which many of my groups have none, and still others severely reduce bone geometry
due to computational need and produce unlikely results. To address this technological
gap, I developed a new method of dynamic coupled measurement of vertebral motion.

Chapter 5: Summary, Limitations, Implications and Conclusions

120

My modeling process is designed for 3D scans of even high density meshes to portray
vertebral motion accurately. I conducted several trials, having the bones rotate in four
different anatomical axes, to demonstrate the validity of my model on modern taxa for
which there are known ranges of motion in those axes with minimal soft tissues present
(cadaveric studies). The values from my technique had a smaller percent error than
previous studies, and in some cases, were indistinguishable from cadaveric studies.
Utilizing the technique I developed in chapter 3, I was able to address the central
question of this thesis: what are the effects of vertebral morphology on localized
intervertebral joints? To answer this question, I took computed tomography scans of five
species of Permian taxa that are well studied and applied my osteological range-ofmotion technique. Since they are well studied and are known from several individuals, I
could compare and model the vertebral shapes with the least amount of taphonomic
distortion, and confirm I had adult specimens. Additionally, I 3D printed the vertebrae to
investigate the effects of vertebral morphology on stiffness. I printed the bony elements
with ABS plastic and the spinal cord and notochord (when present) out of flexible rubber.
Intervertebral stiffness I could not simulate from digital modeling alone. I also
demonstrated that the environment, though unrelated to vertebral architecture, is related
to intervertebral joint stiffness. In my final chapter, I concluded that vertebral
architecture is more related to the motion-path, or physiological constraints to range-ofmotion in some anatomical axes. In these results I am the first to report osteological
limitations on range of motion in Permian taxa. In some cases, the vertebral architecture
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is more restrictive than the range-of-motion that would be predicted given the
depositional environment of the animal.

5.2 Limitations, Future Prospects, and Implications
Below I discuss some of the limitation of my studies, the broader implications of
my work and future directions possible arising from my work.
5.2.1 Limitations
As described in my first chapter, vertebrae are complex shapes and are
single elements of a much more complex system, the spinal column. Moreover, the spinal
column is only part of the tetrapod bauplan, and it is the whole body that moves through
an environment, not just select anatomical features. However, the goal of this thesis was
to investigate the relationship of vertebral form on intervertebral function, a necessary
step before addressing total spinal behavior, or total body movement through space. As I
wanted to focus solely on vertebral morphology, I investigated only the fundamental
variables necessary to describe the intervertebral space, i.e., one functional spinal unit:
centra, neural arches, and the space generated by both elements. Admittedly, I would be
remiss not to consider the effects of soft tissues (e.g., cartilage, tendons) on intervertebral
space. Various studies have proposed the effect of intervertebral cartilages or changes in
muscle fiber type on intervertebral joint behavior. However, as far as cartilage behavior is
concerned, the literature is mostly focused on mammalian (highly specialized) structures.
Mammals and the basal tetrapods I study diverged nearly 300 million years ago, and no
macroevolutionary study on intervertebral cartilage has been conducted that would
suggest that intervertebral cartilage (the annulus fibrosus) is conserved across taxa.
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Moreover, gekkotans have persistent notochords, and while the effect (if any) of a
persistent notochord on intervertebral space in a modern taxon would be a great addition
to consider while investigating ancient tetrapods, only studies that investigate the
histology, not the effect on vertebral kinematics, have been conducted (Jonasson et al.,
2012).
Lastly, in chapter 3, I 3D printed the vertebrae out of ABS plastic and the soft
tissues out of flexible rubber tubing. While these are not entirely reflective of biological
materials, this was an essential limitation to enable grand comparisons across taxa.
Additionally, 3D printing technologies are only now beginning to make strides towards
printing materials that behave biologically (Yang et al., 2018). This thesis stands as a
second-order approximation, and I hope in the future with better technology, these ideas
will be revisited.

5.2.2 Future Prospects
In my second chapter, I introduce an improved technique for modeling
localized joint kinematics in the vertebral column. This technique uses a program that is
readily available to academic institutions and only requires 3D surface scans, which can
even be obtained with cell-phone cameras now (Johnson & Carter, 2019). By introducing
it to my community, I hope that further quantitative and experimental design can and will
happen.
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An understanding of localized joints is only the beginning of understanding
vertebral diversity form and function relationships. How these models behave across an
entire vertebral column, and how those localized changes affect overall body kinematics
as a field is the next logical step of this work. Indeed, some work has been done in
physical models and robots with spines, but their vertebral elements are limited, i.e.,
“vertebrae” that only bend sagittally (Pusey et al., 2013). Additionally, with fossil taxa,
vertebral morphology is complexly controlled by material constraints and historical
constraints. However, through the use of 3D printing and computer-aided design, we can
build physical models that can isolate morphologies. For example, we can create neural
arches with neural spines perpendicular to the body and combine them with centra of
different lengths. We can begin to build experimentally-tested theoretical morphospaces
of vertebral shapes to understand which vertebral shapes exist, which do not, and what
changes may be among those shapes.
5.2.3 Implications
It has been my goal that the research produced in this thesis will help to illuminate
first-order approximations of vertebral joint kinematics and to introduce tools that can aid
any paleontologists looking to investigate fossil form and movement. Understanding
general principles governing locomotion and vertebral form is not only of interest to
paleontologists but also to bioinspired robotic design. In a world where the changing
climate and urbanization has produced an unprecedented demand for disaster relief
technology, the need for innovation in the development of robotics capable of navigating
diverse terrain has never been greater. Although engineers have begun to use biology as
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inspiration for robotic design, many fail to utilize the results from evolutionary pressures
that have already selected for robust forms of locomotion over complex terrain. However,
our incomplete understanding of early vertebral forms effect of motion prohibits our
application to robotics. It is with these techniques and data from this thesis, and
additional experimentation we can further develop our understanding of complex
vertebrae and motion.
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Appendix A

Stem-Amphibians Evolved Distinct
Vertebrae for Habitat Invasions

FIGURE A.1 Landmark schema on neural spines and intercentra of Eryops (left) and
Metoposaurus (right). In gray type-II landmarks, in orange semi-sliding landmarks to
generate curves
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FIGURE A.2 Neural Spine morphospaces for temnospondyls. Principal component
analysis for PCA 1v3 (A), and 2v3 (B).
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FIGURE A.3 Landmark sampling curves for the neural arches (A) and the intercentra
(B). The plateaus indicate sufficient landmarking sampling.

127

Appendix A

FIGURE A.4 The principal component number and eigen values for both the neural
arches (A) and the intercentra (B). A drop off in eigen values is indicative of
nonsignificant principal component analyses. Both intercentra and neural arches have
a drop off near PC3
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FIGURE A.5 Full Temnospondyl trees for the 3 models used in AncThresh: A) OU;
B) Brownian; C) Lambda. Trees are split for formatting. Full results and trees are
available upon request
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FIGURE A.6 Shape deformation grids of rhachitomous terrestrial intercentra taxa
(top row, green) and aquatic taxa (bottom row, blue) from the consensus
rhachitomous form (gray). There is a large diversity of shape among vertebrae all
labeled rhachitomous.
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FIGURE A.7 Consensus morphologies of both neural arches (first row) and intercentra
(second row) of each environmental group. Green = terrestrial, orange = semiaquatic,
blue = aquatic. Neural arches had no environmental correlation and their shapes look
very similar. Intercentra were correlated with environment and show a progression from
terrestrial to aquatic forms

Appendix A

134

TABLE A-1 Landmarking scheme for temnospondyl vertebral elements.
ELEMENT

LANDMARK

DESCRIPTION

INTERCENTRA

1

Cranial tip on the dorsal surface

2:3

Semi-sliding landmark between
landmarks 1 and 4
Cranial tip on the ventral surface

4
5:7
8
9:10
NEURAL SPINE

1

Semi-sliding landmark between
landmarks 4 and 8
Caudal tip on the ventral surface
Semi-sliding landmarks between
landmarks 8 and 11
Cranio-dorsal tip of the neural
blade

2:4

Sliding landmarks between craniodorsal and caudo-dorsal most tip of
the neural lade

5

Caudo-dorsal tip of the neural blade

6:10

Semi-sliding landmarks between
the caudo-dorsal tip of the neural
blade to the caudal tip of the
postzygapophysis

11

Caudal tip of postzygapophysis

12

Cranio-ventral tip of
prezygapophysis

13

Cranio-dorsal tip of
prezygapophysis

14:17

Semi-sliding landmark between
cranio-dorsal tip of
prezygapophysis and cranio-dorsal
most point of the neural blade
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TABLE A-2 Species with both neural spines and intercentra, sample location, and a priori
environments. Sample source is for both elements unless otherwise specified, continued onto
page 43-44

Species
Archegosaurus

Environment Vertebral Type
Aquatic
Rhachitomous

dechani
Aspidosaurus

Terrestrial

Rhachitomous

Location
Reconstruction

Museum

(IC)

Photo (NS)

Museum Photo

AMNH

glascocki
Acanthostomatops

23412
Terrestrial

Rhachitomous

vorax
Broileus

Reconstruction
(Dilkes, 2009)

Terrestrial

Rhachitomous

Museum Photo

novoamericanus
Cacops

Terrestrial

Rhachitomous

Drawing

Figure 1

Rhachitomous

(Holmes et al.,
1998)
Reconstruction

Terrestrial

Figure 6

Rhachitomous

(Sigurdsen &
Bolt, 2010)
Museum photo

USNM

acadium
Dissorophus

Terrestrial

multicinctus
Doleserpeton

15555
Terrestrial

Rhachitomous

Drawing

Figure 1

Rhachitomous

(Pawley &
Warren 2005)
Museum Photo

AMNH

annectens
Eryops
megacephalus

FMNH
1041

aspidephorus
Dendrerpeton

Figure 6

Terrestrial

23565(IC)
FMNH 745
(NS)
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Species

Environment Vertebral Type

Location

Kooksinodon

Semiaquatic

Stereospondylous Museum Photo

Terrestrial

Stereospondylous Reconstruction

YPM 60249

perfecta
Lydekkerina
huxleyi
Metoposaurus

(Schoch, 1999)
Semiaquatic

Stereospondylous Museum photo

giganteus

Mastodonosaurus

Figure 5
AMNH
3097

Aquatic

Stereospondylous Drawing

diagnosticus

(Watson, 1958)

Figure 28
(IC)
Figure 33
(NS)

Paracyclotosaurus Semiaquatic

Stereospondylous Drawing

davidi
Parioxys bolli

Figure 29

(Carroll, 1964)
Terrestrial

Rhachitomous

Reconstruction

Figure 1

(Carroll, 1964)
Phonerpeton

Terrestrial

Rhachitomous

pricei
Platyhystrix

Reconstruction
(Chase, 1965)

Terrestrial

Rhachitomous

Museum Photo

rugosus
Neldasaurus
wrightae

Figure 8

UCMP
33437

Aquatic

Rhachitomous

Drawing
(Schoch et al.,
2007)

Figure 8
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Semiaquatic

Stereospondylous Drawing

hauseri

Figure 1

Species

Environment Vertebral Type

(Warren &
Snell, 1991)
Location

Siderops kehli

Aquatic

Rhachitomous

Reconstruction

Figure 1

Rhachitomous

(Warren &
Snell, 1991)
Museum Photo

UCMP

Trimerorhachis
insignis

Aquatic

105157
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TABLE A-3 Species with neural spines only, sample location, and a priori
environments
Species

Environment Vertebral Type

Location
Figure

Australerpeton

Aquatic

Stereospondylous

cosgriffi

Reconstruction

1

(Warren & Snell,
1991)
Figure

Acerastea.wadei Semiaquatic

Stereospondylous

Drawing

1

(Olson, 1972)
Fayella

Terrestrial

Rhachitomous

chickshaiensis
Glaukerpeton

Aquatic

Rhachitomous

Reconstruction

Figure

(Werneburg &
Berman, 2012)
Literature
Photograph

3

affonovi

Parotosuchus

15

Semiaquatic

Stereospondylous

(Warren & Snell,
1991)
Drawing

1

Plagiosaurid

(Witzmann & SolerGijón, 2010)
Drawing
(Warren et al.,2011)

1

pronus
Plagiosuchus
pustuliferus

Figure

Aquatic

Figure

Figure
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TABLE A-4 species both intercentra only, sample location, and a priori environments
Species

Environment

Vertebral Type

Location

Batrchosuchus browni

Aquatic

Stereospondylous Museum
Photo

Bothriceps australis

Cylcotosaurus
roboustus

Edops craigi

Semiaquatic

Semiaquatic

Terrestrial

Stereospondylous Literature
Photograph
(Romer &
Witter, 1942)
Stereospondylous Museum

Rhachitomous

UCMP
42856
Figure
7
UCMP

Photo

V3957

Drawing

Figure

(Warren,

11

1998)
Laiderla gracillis

Terrestrial

Plagiosaurid

Reconstruction Figure
(Warren,

5

1999)
Parotosaurus peabodyi

Semiaquatic

Stereospondylous Museum
Photo

Plagiobatrachus
australis

Aquatic

Stereospondylous Literature
Photograph

UCMP
56110
Figure
3

Stenotosaurus
semicalusus

Semiaquatic

(Werneburg et
al., 2007)
Stereospondylous Museum
Photo

Tupilakosaurus
heilmani

Aquatic

Plagiosaurid

UCMP
56108

Reconstruction Figure
3
(Werneburg et
al., 2007)
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Thanbanchuia oomie

Tupilakosaurus
wetlugensis
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Aquatic

Aquatic

Rhachitomous

Plagiosaurid

Museum

FMNH

Photo

1029/5

Reconstruction Figure
(Werneburg et
al., 2007)

3

Appendix A

141

TABLE A-5 Principal component results from neural spines.
Principal
component

Eigenvalue

Proportion of
variance

Cumulative
proportion

PC1

0.1642

0.4294

0.4294

PC3

0.09278

0.13702

0.76204

PC4

0.07135

0.08102

0.84308

PC5

0.04738

0.03574

0.87881

PC6

0.04317

0.02966

0.90848

PC7

0.03525

0.01978

0.92826

PC8

0.03177

0.01608

0.94432

PC9

0.02625

0.01097

0.95529

PC10

0.02378

0.009

0.96429

PC11

0.02065

0.00679

0.97108

PC12

0.01984

0.00627

0.97735

PC13

0.01765

0.00496

0.98231

PC14

0.01411

0.00317

0.98547

PC15

0.01373

0.003

0.98847

PC16

0.01263

0.00254

0.99101

PC17

0.01131

0.00204

0.99305

PC18

0.01105

0.00194

0.99499

PC19

0.008868

0.00125

0.994624

PC20

0.0086

0.00118

0.99742

PC21

0.007321

0.00085

0.99827

PC22

0.005953

0.00056

0.99884

PC23

0.004555

0.00033

0.9917

PC24

0.003885

0.00024

0.99941

PC25

0.003774

0.00023

0.99941

PC26

0.003488

0.00019

0.99983
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PC27

0.002427

0.00009

0.99992

PC28

0.001799

0.00005

0.99997

PC29

0.001124

0.00002

0.99999

PC2

0.1109

0.1956

0.625
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TABLE A-6 Principal component summary results from intercentra.
Principal
component

Eigenvalue

Proportion of
variance

Cumulative
proportion

PC1

0.194

0.694

0.6492

PC2

0.108

0.215

0.9093

PC3

0.048

0.043

0.9525

PC4

0.034

0.022

0.9748

PC5

0.0286

0.01513

0.9899

PC6

0.01672

0.00515

0.9951

PC7

0.01420

0.00371

0.9988

PC8

0.00655

0.000790

0.9996

PC9

0.00389

0.000280

0.9999

PC10

0.000219

0.000090

1.00
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TABLE A-7 ANOVA results for analyses of temnospondyl intercentra and neural
spine shape on centroid size, habitat, vertebral type, and geologic era. Significant
correlations are marked with an asterisk. Df = degrees of freedom, F = F-value, P =
P=value.

Intercentra

Neural Spine

Df
1

F
1.0006

P
0.368

R2
0.032

Df
1

F
1.351

P
0.195

R2
0.047

2

7.3734

0.001*

0.337

2

0.8155 0.583

0.059

Vertebral 2
type

2.9985

0.001*

0.171

2

1.4725 0.148

0.102

Geologic
Age

5

1.7648

0.036*

0.246

6

1.165

0.288

0.2412

Image
Source

3

1.0273

0.404

0.099

3

1.300

0.209

0.135

Centroid
Size
Habitat
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TABLE A-8 Phylogenetic least squares regression results for temnospondyl
intercentra and neural spines.

Intercentra

Neural Spine

Df
1

F
0.6341

P
0.656

R2
0.0207

Df
1

F
P
0.5473 0.554

R2
0.198

2

3.5434

0.002*

0.1963

2

0.4862 0.876

0.036

Vertebral 2
type

2.0935

0.033*

0.1262

2

0.6945 0.626

0.051

Geologic
Age

5

0.7722

0.758

0.1293

6

0.4522 0.952

0.110

Image
Source

3

1.4422

0.073

0.1528

3

1.395

0.144

Centroid
Size
Habitat

0.205
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TABLE A-9 Morphological disparity for temnospondyl intercentra. Pairwise
differences are measured in Procrustes distances

Aquatic

Aquatic
Pairwise
P-value
difference
0.000
1.00

Semiaquatic
Pairwise
P-value
difference
0.00068
0.932

Terrestrial
Pairwise
P-value
difference
0.00016
0.979

Semiaquatic

0.00068

0.932

0.000

1.00

0.00052

0.946

Terrestrial

0.00016

0.979

0.00052

0.946

0.000

1.00
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TABLE A-10 Morphological disparity for temnospondyl neural spines. Pairwise
differences are measured in Procrustes distances

Aquatic

Aquatic
Pairwise
Pdifference value
0.000
1.00

Semiaquatic
Pairwise
difference
0.0046

Terrestrial
PPairwise
P-value
value difference
0.876 0.00998
0.633

Semiaquatic

0.0046

0.876 0.000

1.00

Terrestrial

0.0099

0.633 0.0052

0.823 0.000

0.00529

0.823
1.00
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TABLE A-11 Model Parameters from Ornstein-Uhlenbeck(OU), Brownian(BM),
Lambda (LB) in AncThresh. Starred order was discussed in manuscript. Inf = Infinite.

Transition
Order

Terrestrial
–
Semiaquat
ic –
Aquatic*

Aquatic –
Semiaquat
ic –
Terrestrial

Terrestrial
– Aquatic
Semiaquat
ic

Mode Mean Threshold Liabilities (10
l
mil. Gen. 10%burn-in)

Log
Likelihoo
d

Alpha

Phylogenet
ic Half-life
(My)

Terrestri
al

Aquati
c

Semiaquat
ic

OU

0

Inf

3.33

-624.306

0.26

2.65

BM

0

Inf

3.51

-143.951

N/A

N/A

LB

0

Inf

6.618

-799.515

0.98

0.705

OU

Inf

0

3.892

-647.996

0.15

4.381

BM

Inf

0

6.65

-783.624

N/A

N/A

LB

Inf

0

6.811

-804.53

0.9182
6

0.705

OU

0

0.904

Inf

-398.901

0.705

0.98

BM

0

9.62

Inf

-790.274

N/A

N/A

LB

0

10.63

Inf

-805.98

0.99

0.695
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TABLE A-12 Ornstein-Uhlenbeck (OU); Brownian (BM); Lambda(LB). Starred
order was discussed in manuscript.

Transition
Order
Terrestrial –
Semiaquatic –
Aquatic *

Aquatic –
Semiaquatic Terrestrial

Terrestrial –
Aquatic Semiaquatic

Model

DIC Value

DIC Weight

BM

1830

0

OU

552

1

LB

1861

0

BM

1831

NaN

OU

1690

NaN

LB

1863

NaN

BM

N/A

NaN

OU

N/A

NaN

LB

N/A

NaN
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An Improved Method for Osteological
Range-of-Motion Studies in Vertebrae

FIGURE B.1 Morphospaces of different mesh face counts.
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FIGURE B.2 Cumulative means of motion types and treatment types for thoracic
vertebral pair in C. niloticus. Boxes represent different motion types, top left: axial
rotation; top right: lateral bending; bottom left: ventral flexion; bottom right: dorsal
flexion. Colors indicate different translation treatments, pink: 0% translation; green: 1.5%
translation; blue: 3%; purple: 5%.
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FIGURE B.3 Cumulative means of motion types and treatment types for lumbar vertebral
pair in C. niloticus. Boxes represent different motion types, top left: axial rotation; top
right: lateral bending; bottom left: ventral flexion; bottom right: dorsal flexion. Colors
indicate different translation treatments, pink: 0% translation; green: 1.5% translation;
blue: 3%; purple: 5%.
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FIGURE B.4 Cumulative means of motion types and treatment types for lumbosacral
vertebral pair in C. niloticus. Boxes represent different motion types, top left: axial
rotation; top right: lateral bending; bottom left: ventral flexion; bottom right: dorsal
flexion. Colors indicate different translation treatments, pink: 0% translation; green: 1.5%
translation; blue: 3%; purple: 5%.

Appendix B

FIGURE B.5 Cumulative means of motion types and treatment types for C2-C3 pair
in C. canis. Boxes represent different motion types, top left: axial rotation; top right:
lateral bending; bottom left: ventral flexion; bottom right: dorsal flexion. Colors
indicate different translation treatments, pink: 0% translation; green: 1.5% translation;
blue: 3%; purple: 5%.
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FIGURE B.6 Cumulative means of motion types and treatment types for C3-C4 pair
in C. canis. Boxes represent different motion types, top left: axial rotation; top right:
lateral bending; bottom left: ventral flexion; bottom right: dorsal flexion. Colors
indicate different translation treatments, pink: 0% translation; green: 1.5% translation;
blue: 3%; purple: 5%.
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FIGURE B.7 Cumulative means of motion types and treatment types for C5-C6 pair
in C. canis. Boxes represent different motion types, top left: axial rotation; top right:
lateral bending; bottom left: ventral flexion; bottom right: dorsal flexion. Colors
indicate different translation treatments, pink: 0% translation; green: 1.5% translation;
blue: 3%; purple: 5%.
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FIGURE B.8 Cumulative means of motion types and treatment types for C6-C7 pair
in C. canis. Boxes represent different motion types, top left: axial rotation; top right:
lateral bending; bottom left: ventral flexion; bottom right: dorsal flexion. Colors
indicate different translation treatments, pink: 0% translation; green: 1.5% translation;
blue: 3%; purple: 5%.
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Appendix C

An Empirical Study on Range-ofMotion in Dorsal Vertebrae of Permian
Tetrapods

FIGURE C.1 Cumulative means of all treatments across trials for A. crassidisca.
Colors indicate different motion types, pink: axial rotation; green: lateral bending;
blue: ventral flexion; purple: dorsal flexion. Similarly, line types represent different
motion types, solid line: axial rotation; small dashes point: lateral bending, medium
dashes: ventral flexion; larger dashes with point: dorsal flexion.
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FIGURE C.2 Cumulative means of motion types and treatment types for thoracic
vertebral pair in A. crassidisca. Boxes represent different motion types, top left: axial
rotation; top right: lateral bending; bottom left: ventral flexion; bottom right: dorsal
flexion. Colors indicate different translation treatments, pink: 0% translation; green: 1.5%
translation; blue: 3%; purple: 5%. Line types also represent different treatment, solid line:
0%; small dashes point: 1.5%, medium dashes: 3%; larger dashes with point: 5%.

Appendix C

FIGURE C.3 Cumulative means of motion types and treatment types for thoracic
vertebral pair in C. aspidephorus. Boxes represent different motion types, top left:
axial rotation; top right: lateral bending; bottom left: ventral flexion; bottom right:
dorsal flexion. Colors indicate different translation treatments, pink: 0% translation;
green: 1.5% translation; blue: 3%; purple: 5%. Line types also represent different
treatment, solid line: 0%; small dashes point: 1.5%, medium dashes: 3%; larger
dashes with point: 5%.
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FIGURE C.4 Cumulative means of all treatments across trials for C. aspidephorus.
Colors indicate different motion types, pink: axial rotation; green: lateral bending;
blue: ventral flexion; purple: dorsal flexion. Similarly, line types represent different
motion types, solid line: axial rotation; small dashes point: lateral bending, medium
dashes: ventral flexion; larger dashes with point: dorsal flexion.
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FIGURE C.5 Range of motion for all vertebral elements measured in C.
aspidephorus. Colors indicate different vertebral elements, yellow: intercentrum;
green: left pleurocentrum; dark blue: right pleurocentrum. Boxes represent different
motion types, top left: axial rotation; top right: lateral bending; bottom left: ventral
flexion; bottom right: dorsal flexion.
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FIGURE C.6 Cumulative means of motion types and treatment types for thoracic
vertebral pair in D. sideropelicus. Boxes represent different motion types, top left:
axial rotation; top right: lateral bending; bottom left: ventral flexion; bottom right:
dorsal flexion. Colors indicate different translation treatments, pink: 0% translation;
green: 1.5% translation; blue: 3%; purple: 5%. Line types also represent different
treatment, solid line: 0%; small dashes point: 1.5%, medium dashes: 3%; larger
dashes with point: 5%.
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FIGURE C.7 Cumulative means of all treatments across trials for D. sideropelicus.
Colors indicate different motion types, pink: axial rotation; green: lateral bending;
blue: ventral flexion; purple: dorsal flexion. Similarly, line types represent different
motion types, solid line: axial rotation; small dashes point: lateral bending, medium
dashes: ventral flexion; larger dashes with point: dorsal flexion.
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FIGURE C.8 Cumulative means of motion types and treatment types for thoracic
vertebral pair in Di. magnicornis. Boxes represent different motion types, top left:
axial rotation; top right: lateral bending; bottom left: ventral flexion; bottom right:
dorsal flexion. Colors indicate different translation treatments, pink: 0% translation;
green: 1.5% translation; blue: 3%; purple: 5%. Line types also represent different
treatment, solid line: 0%; small dashes point: 1.5%, medium dashes: 3%; larger
dashes with point: 5%.
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FIGURE C.9 Cumulative means of all treatments across trials for Di. magnicornis.
Colors indicate different motion types, pink: axial rotation; green: lateral bending;
blue: ventral flexion; purple: dorsal flexion. Similarly, line types represent different
motion types, solid line: axial rotation; small dashes point: lateral bending, medium
dashes: ventral flexion; larger dashes with point: dorsal flexion.
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FIGURE C.10 Range of motion for center of rotations measured in Di. magnicornis.
Colors indicate different centers of rotation, yellow: notochordal canal; green: spinal
canal. Boxes represent different motion types, top left: axial rotation; top right: lateral
bending; bottom left: ventral flexion; bottom right: dorsal flexion.
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FIGURE C.11 Cumulative means of motion types and treatment types for thoracic
vertebral pair in P. bolli. Boxes represent different motion types, top left: axial
rotation; top right: lateral bending; bottom left: ventral flexion; bottom right: dorsal
flexion. Colors indicate different translation treatments, pink: 0% translation; green:
1.5% translation; blue: 3%; purple: 5%. Line types also represent different treatment,
solid line: 0%; small dashes point: 1.5%, medium dashes: 3%; larger dashes with
point: 5%.
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FIGURE C.12 Cumulative means of all treatments across trials for P. bolli. Colors
indicate different motion types, pink: axial rotation; green: lateral bending; blue:
ventral flexion; purple: dorsal flexion. Similarly, line types represent different motion
types, solid line: axial rotation; small dashes point: lateral bending, medium dashes:
ventral flexion; larger dashes with point: dorsal flexion.
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FIGURE C.13 Range of motion for all vertebral elements measured in P. bolli. Colors
indicate different vertebral elements, yellow: intercentrum; green: left pleurocentrum;
light blue: neural spine; dark blue: right pleurocentrum. Boxes represent different motion
types, top left: axial rotation; top right: lateral bending; bottom left: ventral flexion;
bottom right: dorsal flexion.

Bibliography

171

Bibliography
Adams, D. C., & Otárola‐Castillo, E. (2013). geomorph: an R package for the collection and
analysis of geometric morphometric shape data. Methods in Ecology and Evolution, 4(4),
393-399.
Arnold, P., Fischer, M. S., & Nyakatura, J. A. (2014). Soft tissue influence on ex vivo
mobility in the hip of Iguana: comparison with in vivo movement and its bearing on joint
motion of fossil sprawling tetrapods. Journal of anatomy, 225(1), 31-41.
Alexander, R. M. (1989). Mechanics of fossil vertebrates: William Smith lecture. Journal of
the Geological Society, 146(1), 41-52.
Arratia, G., Schultze, H. P., & Casciotta, J. (2001). Vertebral column and associated elements
in dipnoans and comparison with other fishes: development and homology. Journal of
Morphology, 250(2), 101-172.
Ashley-Ross, M. (1994). Hindlimb kinematics during terrestrial locomotion in a salamander
(Dicamptodon tenebrosus). Journal of experimental biology, 193(1), 255-283.
Azizi, E., Gillis, G. B., & Brainerd, E. L. (2002). Morphology and mechanics of myosepta in a
swimming salamander (Siren lacertina). Comparative Biochemistry and Physiology Part
A: Molecular & Integrative Physiology, 133(4), 967-978.
Barnes, D., Stemper, B. D., Yogananan, N., Baisden, J. L., & Pintar, F. A. (2009). Normal
coupling behavior between axial rotation and lateral bending in the lumbar spine-biomed
2009. Biomedical sciences instrumentation, 45, 131-136.

Bibliography

172

Batschelet, E. (1981). Circular statistics in biology. Academic press, 111 Fifth Ave., New York,
NY.
Barbadillo, L. J., & Martínez-Solano, I. (2002). Vertebral intercentra in Lacertidae: variation
and phylogenetic implications. Copeia, 2002(1), 208-212.
Bell, M. A., & Lloyd, G. T. (2015). strap: an R package for plotting phylogenies against
stratigraphy and assessing their stratigraphic congruence. Palaeontology, 58(2), 379-389.
Belytschko, T., Kulak, R. F., Schultz, A. B., & Galante, J. O. (1974). Finite element stress
analysis of an intervertebral disc. Journal of biomechanics, 7(3), 277-285.
Bennett, W. O., Simons, R. S., & Brainerd, E. L. (2001). Twisting and bending: the functional
role of salamander lateral hypaxial musculature during locomotion. Journal of
Experimental Biology, 204(11), 1979-1989.
Blight, A. R. (1977). The muscular control of vertebrate swimming movements. Biological
Reviews, 52(2), 181–218.
Boszczyk, B. M., Boszczyk, A. A., & Putz, R. (2001). Comparative and functional anatomy of
the mammalian lumbar spine. The Anatomical Record, 264(2), 157–168
Brainerd, E. L., & Patek, S. N. (1998). Vertebral column morphology, C-start curvature, and
the evolution of mechanical defenses in tetraodontiform fishes. Copeia, 971-984.
Brainerd, E. L., & Simons, R. S. (2000). Morphology and Function of Lateral Hypaxial
Musculature in Salamanders. Integrative and Comparative Biology, 40(1), 77–86.

Bibliography

173

Brand-Saberi, B., & Christ, B. (1999). 1 Evolution and Development of Distinct Cell Lineages
Derived from Somites. In Current topics in developmental biology (Vol. 48, pp. 1-42).
Academic Press.
Brassey, C. A., Maidment, S. C., & Barrett, P. M. (2017). Muscle moment arm analyses
applied to vertebrate paleontology: a case study using Stegosaurus stenops Marsh,
1887. Journal of Vertebrate Paleontology, 37(5), e1361432.
Briggs, D. E. (2017). Seilacher, konstruktions‐morphologie, morphodynamics, and the
evolution of form. Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution, 328(3), 197-206.
B Brink, R.C., Homans, J.F., Schlösser, T.P., van Stralen, M., Vincken, K.L., Shi, L., Chu,
W.C., Viergever, M.A., Castelein, R.M. and Cheng, J.C. (2019). CT-based study of
vertebral and intravertebral rotation in right thoracic adolescent idiopathic
scoliosis. European Spine Journal, 28(12), 3044-3052.
Buchholtz, E. A. (2001). Vertebral osteology and swimming style in living and fossil whales
(Order: Cetacea). Journal of Zoology, 253(2), 175–190.
Buchholtz, E. A. (2007). Modular evolution of the cetacean vertebral column. Evolution &
development, 9(3), 278-289.
Buchholtz, E. A., & Schur, S. A. (2004). Vertebral osteology in Delphinidae
(Cetacea). Zoological Journal of the Linnean Society, 140(3), 383-401.

Bibliography

174

Buchholtz, E. A., Wolkovich, E. M., & Cleary, R. J. (2005). Vertebral osteology and
complexity in Lagenorhynchus acutus (Delphinidae) with comparison to other delphinoid
genera. Marine Mammal Science, 21(3), 411-428.
Buckley, D., Molnár, V., Németh, G., Petneházy, Ö., & Vörös, J. (2013). ‘Monster…-omics’:
on segmentation, re-segmentation, and vertebrae formation in amphibians and other
vertebrates. Frontiers in zoology, 10(1), 17.
Carrier, D. (1990). Activity of the hypaxial muscles during walking in the lizard Iguana
iguana. Journal of Experimental Biology, 152(1), 453-470.
Carrizo, L. v, Tulli, M. J., Santos, D. A., & Abdala, V. (2014). Interplay between postcranial
morphology and locomotor types in Neotropical sigmodontine rodents. Journal of
Anatomy, 224(4), 469–481.
Carroll, R. L. (1964). The relationships of the rhachitomous amphibian Parioxys. American
Museum novitates; no. 2167.
Carroll, R. L., & Chorn, J. (1995). Vertebral development in the oldest microsaur and the
problem of “lepospondyl” relationships. Journal of Vertebrate Paleontology, 15(1), 3756.
Carter, A.C., Hsieh, S-T., Jerolmack, D., Dodson, P. An Improved Method for Osteological
Range-of-Motion Studies in Vertebrae. Methods in Ecology and Evolution (in prep)
Chase, J. N. (1965). Neldasaurus wrightae: A New Rhachitomous Labyrinthodont from the
Texas Lower Permian. Bulletin of the Museum of Comparative Zoology at Harvard
College, 55(133), 153–225.

Bibliography

175

Christian, A., & Dzemski, G. (2007). Reconstruction of the cervical skeleton posture of
Brachiosaurus brancai Janensch, 1914 by an analysis of the intervertebral stress along
the neck and a comparison with the results of different approaches. Fossil Record, 10(1),
38-49.
Cobley, M. J., Rayfield, E. J., & Barrett, P. M. (2013). Inter-vertebral flexibility of the ostrich
neck: implications for estimating sauropod neck flexibility. PLoS One, 8(8).
Clack, J. A. (2009). The fin to limb transition: new data, interpretations, and hypotheses from
paleontology and developmental biology. Annual Review of Earth and Planetary
Sciences, 37, 163-179.
Clack, J. A. (2012). Gaining Ground: the Origin and Evolution of Tetrapods. Indiana
University Press
Cope, E. D. (1888). On the intercentrum of the terrestrial Vertebrata. Transactions of the
American Philosophical Society, 16(2), 243-253.
Cruickshank, A. R., & Skews, B. W. (1980). The functional significance of nectridean tabular
horns (Amphibia: Lepospondyli). Proceedings of the Royal Society of London. Series B.
Biological Sciences, 209(1177), 513-537.
Cunningham, J. A., Rahman, I. A., Lautenschlager, S., Rayfield, E. J., & Donoghue, P. C.
(2014). A virtual world of paleontology. Trends in ecology & evolution, 29(6), 347-357.
Damme, R., & Vanhooydonck, B. (2002). Speed versus manoeuvrability: association between
vertebral number and habitat structure in lacertid lizards. Journal of Zoology, 258(3),
327–334.

Bibliography

176

Danto, M., Witzmann, F., & Fröbisch, N. B. (2016). Vertebral Development in Paleozoic and
Mesozoic Tetrapods Revealed by Paleohistological Data. PLOS ONE, 11(4).
Danto, M., Witzmann, F., Pierce, S. E., & Fröbisch, N. B. (2017). Intercentrum versus
pleurocentrum growth in early tetrapods: A paleohistological approach. Journal of
morphology, 278(9), 1262-1283.
Deban, S. M., & Schilling, N. (2009). Activity of trunk muscles during aquatic and terrestrial
locomotion in Ambystoma maculatum. Journal of Experimental Biology, 212(18), 2949–
2959.
DeFauw, S. L. (1989). Temnospondyl amphibians: a new perspective on the last phases in the
evolution of the Labyrinthodontia. Michigan Academician, 21, 7–32.
Dilkes, D., & Brown, L. E. (2007). Biomechanics of the vertebrae and associated osteoderms
of the Early Permian amphibian Cacops aspidephorus. Journal of Zoology, 271(4), 396–
407.
Dilkes, D. W. (2009). Comparison and biomechanical interpretations of the vertebrae and
osteoderms of Cacops aspidephorus and Dissorophus multicinctus (Temnospondyli,
Dissorophidae). Journal of Vertebrate Paleontology, 29(4), 1013-1021.
Elliott, N. G., Haskard, K., & Koslow, J. A. (1995). Morphometric analysis of orange roughy
(Hoplostethus atlanticus) off the continental slope of southern Australia. Journal of Fish
Biology, 46(2), 202–220.
Falconer, D. S. (1965). The inheritance of liability to certain diseases, estimated from the
incidence among relatives. Annals of human genetics, 29(1), 51-76.

Bibliography

177

Fedorov, A., Beichel, R., Kalpathy-Cramer, J., Finet, J., Fillion-Robin, J.-C., Pujol, S., Bauer,
C., Jennings, D., Fennessy, F., Sonka, M., Buatti, J., Aylward, S., Miller, J. v, Pieper, S.,
& Kikinis, R. (2012). 3D Slicer as an image computing platform for the Quantitative
Imaging Network. Magnetic Resonance Imaging, 30(9), 1323–1341.
Felsenstein, J. (2005). Using the quantitative genetic threshold model for inferences between
and within species. Philosophical Transactions of the Royal Society of London B:
Biological Sciences, 360(1459), 1427–1434.
Felsenstein, J. (2012). A Comparative Method for Both Discrete and Continuous Characters
Using the Threshold Model. The American Naturalist, 179(2), 145–156.
Fischer, M. S., Krause, C., & Lilje, K. E. (2010). Evolution of chameleon locomotion, or how
to become arboreal as a reptile. Zoology, 113(2), 67-74.
Fleming, A., Kishida, M. G., Kimmel, C. B., & Keynes, R. J. (2015). Building the backbone:
the development and evolution of vertebral patterning. Development, 142(10), 17331744.
Fortuny, J., Marcé‐Nogué, J., de Esteban‐Trivigno, S., Gil, L., & Galobart, À. (2011).
Temnospondyli bite club: ecomorphological patterns of the most diverse group of early
tetrapods. Journal of Evolutionary Biology, 24(9), 2040-2054.
Fröbisch, N. B., Olori, J. C., Schoch, R. R., & Witzmann, F. (2010). Amphibian development
in the fossil record. In Seminars in cell & developmental biology (Vol. 21, No. 4, pp. 424431). Academic Press.

Bibliography

178

Fröbisch, N. B., & Reisz, R. R. (2012). A new species of dissorophid (Cacops woehri) from
the Lower Permian Dolese Quarry, near Richards Spur, Oklahoma. Journal of Vertebrate
Paleontology, 32(1), 35–44
Fronimos, J. A., & Wilson, J. A. (2017). Concavo-convex intercentral joints stabilize the
vertebral column in sauropod dinosaurs and crocodylians. Ameghiniana, 54(2), 151-176.
Frolich, L. M., & Biewener, A. A. (1992). Kinematic and electromyographic analysis of the
functional role of the body axis during terrestrial and aquatic locomotion in the
salamander Ambystoma tigrinum. Journal of Experimental Biology, 162(1), 107-130.
Gadow, H. (1895). On the Evolution of the Vertebral Column of Amphibia and Amniota.
Proceedings of the Royal Society of London , 257–259.
Gál, J. M. (1993a). Mammalian spinal biomechanics. I. Static and dynamic mechanical
properties of intact intervertebral joints. The Journal of Experimental Biology, 174, 247–
280.
Gál, J. M. (1993b). Mammalian spinal biomechanics. II. Intervertebral lesion experiments and
mechanisms of bending resistance. The Journal of Experimental Biology, 174, 281–297.
Gambarjan, P. P. (1974). How mammals run: anatomical adaptations. John Wiley & Sons,
University of Michigan
Goodrich, E. S. (1931). Studies on the Structure Development of Vertebrates. Macmillan.
London.

Bibliography

179

Granatosky, M. C., Lemelin, P., Chester, S. G., Pampush, J. D., & Schmitt, D. (2014).
Functional and evolutionary aspects of axial stability in euarchontans and other
mammals. Journal of morphology, 275(3), 313-327.
Gregory, W. K. (1928). The upright posture of man: A review of its origin and evolution.
Proceedings of the American Philosophical Society, 67(4), 339–377.
Hoffstetter, R., & Gasc, J. P. (1969). Vertebrae and ribs of modern reptiles. Biology of the
Reptilia, 1(5), 201-310.
Holmes, R. (1989a). Functional interpretations of the vertebral structure in paleozoic
labyrinthodont amphibians. Historical Biology, 2(2), 111–124.
Holmes, R. (1989b). The skull and axial skeleton of the Lower Permian anthracosauroid
amphibian Archeria crassidisca. Palaeontographica, 4(6), 161–206.
Holmes, R., Berman, D. S., & Anderson, J. S. (2013). A new dissorophid (Temnospondyli,
Dissorophoidea) from the Early Permian of New Mexico (United States). Comptes
Rendus Palevol, 12(7–8), 419–435.
Holmes, R. B., Carroll, R. L., & Reisz, R. R. (1998). The First Articulated Skeleton of
Dendrerpeton acadianum (Temnospondyli, Dendrerpetontidae) from the Lower
Pennsylvanian Locality of Joggins, Nova Scotia, and a Review of Its Relationships.
Journal of Vertebrate Paleontology, 18(1), 64–79
Hutchinson, J. R., Anderson, F. C., Blemker, S. S., & Delp, S. L. (2005). Analysis of hindlimb
muscle moment arms in Tyrannosaurus rex using a three-dimensional musculoskeletal
computer model: implications for stance, gait, and speed. Paleobiology, 31(4), 676-701.

Bibliography

180

Hutchinson, J. R., Ng-Thow-Hing, V., & Anderson, F. C. (2007). A 3D interactive method for
estimating body segmental parameters in animals: Application to the turning and running
performance of Tyrannosaurus rex. Journal of Theoretical Biology, 246(4), 660–680.
Iatridis, J. C., Weidenbaum, M., Setton, L. A., & Mow, V. C. (1996). Is the nucleus pulposus a
solid or a fluid? Mechanical behaviors of the nucleus pulposus of the human
intervertebral disc. Spine, 21(10), 1174-1184.
Johnson, E., & Carter, A. (2019). Defossilization: A Review of 3D Printing in Experimental
Paleontology. Frontiers in Ecology and Evolution, 7, 430.
Johnson, J. A., Costa, R. C. da, Bhattacharya, S., Goel, V., & Allen, M. J. (2011a). Kinematic
Motion Patterns of the Cranial and Caudal Canine Cervical Spine. Veterinary Surgery,
40(6), 720–727.
Jolliffe, I. T. (1972). Discarding variables in a principal component analysis. I: Artificial
data. Journal of the Royal Statistical Society: Series C (Applied Statistics), 21(2), 160173.
Jonasson, K. A., Russell, A. P., & Vickaryous, M. K. (2012). Histology and histochemistry of
the gekkotan notochord and their bearing on the development of notochordal cartilage.
Journal of Morphology, 273(6), 596–603.
Jones, K. (2015). Evolutionary allometry of lumbar shape in Felidae and Bovidae. Biological
Journal of the Linnean Society, 116(3), 721–740.

Bibliography

181

Jones, K. E., Angielczyk, K. D., Polly, P. D., Head, J. J., Fernandez, V., Lungmus, J. K., ... &
Pierce, S. E. (2018). Fossils reveal the complex evolutionary history of the mammalian
regionalized spine. Science, 361(6408), 1249-1252.
Jones, K. E., Gonzalez, S., Angielczyk, K. D., & Pierce, S. E. (2020). Regionalization of the
axial skeleton predates functional adaptation in the forerunners of mammals. Nature
Ecology & Evolution, 4(3), 470-478.
Karakasiliotis, K., Schilling, N., Cabelguen, J. M., & Ijspeert, A. J. (2013). Where are we in
understanding salamander locomotion: biological and robotic perspectives on
kinematics. Biological cybernetics, 107(5), 529-544.
Kelley, K. C., Arnold, S. J., & Gladstone, J. (1997). The effects of substrate and vertebral
number on locomotion in the garter snake Thamnophis elegans. Functional
Ecology, 11(2), 189-198.
Klein, N., Christian, A., & Sander, P. M. (2012). Histology shows that elongated neck ribs in
sauropod dinosaurs are ossified tendons. Biology letters, 8(6), 1032-1035.
Konietzko‐Meier, D., Danto, M., & Gądek, K. (2014). The microstructural variability of the
intercentra among temnospondyl amphibians. Biological Journal of the Linnean Society,
112(4), 747–764.
Konietzko-Meier, D., & Schmitt, A. (2013). A histological study of a femur of Plagiosuchus, a
Middle Triassic temnospondyl amphibian from southern Germany, using thin sections
and micro-CT scanning∙. Netherlands Journal of Geosciences, 92(2-3), 97-108.

Bibliography

182

Kuiper, R. M., Buskens, V., Raub, W., & Hoijtink, H. (2013). Combining statistical evidence
from several studies: A method using Bayesian updating and an example from research
on trust problems in social and economic exchange. Sociological Methods &
Research, 42(1), 60-81.
Lacovara, K. J., Lamanna, M. C., Ibiricu, L. M., Poole, J. C., Schroeter, E. R., Ullmann, P. v.,
Voegele, K. K., Boles, Z. M., Carter, A. M., Fowler, E. K., Egerton, V. M., Moyer, A. E.,
Coughenour, C. L., Schein, J. P., Harris, J. D., Martínez, R. D., & Novas, F. E. (2014). A
gigantic, exceptionally complete titanosaurian sauropod dinosaur from southern
Patagonia, Argentina.
Laerm, J. (1979). On the origin of rhipidistian vertebrae. Journal of Paleontology, 53(1), 175186.
Lauder, G. v. (1980). On the relationship of the myotome to the axial skeleton in vertebrate
evolution. Paleobiology, 6(1), 51–56
Lauder, G. V. (1981). Form and function: structural analysis in evolutionary
morphology. Paleobiology, 7(4), 430-442.
Lafon, Y., Lafage, V., Steib, J. P., Dubousset, J., & Skalli, W. (2010). In vivo distribution of
spinal intervertebral stiffness based on clinical flexibility tests. Spine, 35(2), 186-193.
Legaspi, O., & Edmond, S. L. (2007). Does the evidence support the existence of lumbar spine
coupled motion? A critical review of the literature. Journal of Orthopaedic & Sports
Physical Therapy, 37(4), 169–178.

Bibliography

183

Long Jr, J. H., & Nipper, K. S. (1996). The importance of body stiffness in undulatory
propulsion. American Zoologist, 36(6), 678-694.
Long, J H, Pabst, D. A., Shepherd, W. R., & McLellan, W. A. (1997). Locomotor design of
dolphin vertebral columns: bending mechanics and morphology of Delphinus delphis.
The Journal of Experimental Biology, 200(Pt 1), 65–81.
Long, John H. (1992). Stiffness and damping forces in the intervertebral joints of blue marlin
(Makaira nigricans). Journal of Experimental Biology, 162(1), 131–155.
Long, John H, Adcock, B., & Root, R. G. (2002a). Force transmission via axial tendons in
undulating fish: a dynamic analysis. Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 133(4), 911–929.
Mallison, Heinrich. (2010a). CAD assessment of the posture and range of motion of
Kentrosaurus aethiopicus Hennig 1915. Swiss Journal of Geosciences, 103(2), 211–233.
Mallison, Heinrich. (2010b). The Digital Plateosaurus II: An Assessment of the Range of
Motion of the Limbs and Vertebral Column and of Previous Reconstructions using a
Digital Skeletal Mount. Acta Palaeontologica Polonica, 59(2), 433–458.
Mallison, H. (2012). Digital range of motion analysis in vertebrates–capabilities, limitations,
and future developments. In Royo-Torres, R., Gascó, F. and Alcalá, L., coord.(2012).
10th Annual Meeting of the European Association of Vertebrate Palaeontologists (20), 1290

Bibliography

184

McHenry, M. J., Pell, C. A., & Long, J. H. (1995). Mechanical control of swimming speed:
stiffness and axial wave form in undulating fish models. Journal of Experimental
Biology, 198(11), 2293-2305.
Miele, V. J., Panjabi, M. M., & Benzel, E. C. (2012). Anatomy and biomechanics of the spinal
column and cord. In Handbook of clinical neurology (Vol. 109, pp. 31-43). Elsevier.
Molnar, J. L., Pierce, S. E., Clack, J. A., LAERM, J., Pierce, S. E., Clack, J. A., Hutchinson, J.
R., Snively, E., Cotton, J. R., Ridgely, R., Witmer, L. M., Boszczyk, B. M., Boszczyk, A.
A., Putz, R., Gál, J. M., Shapiro, L. J., Nowroozi, Brainerd, E. L., Molnar, J. L., …
Bogduk, N. (2013). Angles and waves: intervertebral joint angles and axial kinematics of
limbed lizards, limbless lizards, and snakes. The Journal of Experimental Biology, 40(2),
753–783
Molnar, J. L., Pierce, S. E., Bhullar, B. A. S., Turner, A. H., & Hutchinson, J. R. (2015).
Morphological and functional changes in the vertebral column with increasing aquatic
adaptation in crocodylomorphs. Royal Society Open Science, 2(11).
Molnar, J. L., Pierce, S. E., & Hutchinson, J. R. (2014). An experimental and morphometric
test of the relationship between vertebral morphology and joint stiffness in Nile
crocodiles (Crocodylus niloticus). Journal of Experimental Biology, 217(5), 758–768.
Molnár, S., Manó, S., Kiss, L., & Csernátony, Z. (2006). Ex Vivo and In Vitro Determination
of the Axial Rotational Axis of the Human Thoracic Spine. Spine, 31(26), E984-E991.
Moon, B. R. (1999). Testing an inference of function from structure: Snake vertebrae do the
twist. Journal of Morphology, 241(3), 217–225.

Bibliography

185

Morin-Kensicki, E. M., Melancon, E., & Eisen, J. S. (2002). Segmental relationship between
somites and vertebral column in zebrafish. Development, 129(16), 3851-3860.
Morinaga, G., & Bergmann, P. J. (2019). Angles and waves: intervertebral joint angles and
axial kinematics of limbed lizards, limbless lizards, and snakes. Zoology, 134, 16-26.
Moritz, S., & Schilling, N. (2013). Fiber‐type composition in the perivertebral musculature of
lizards: Implications for the evolution of the diapsid trunk muscles. Journal of
Morphology, 274(3), 294–306.
Motani, R., You, H., & McGowan, C. (1996). Eel-like swimming in the earliest
ichthyosaurs. Nature, 382(6589), 347-348.
Nagesan, R. S., Henderson, D. M., & Anderson, J. S. (2018). A method for deducing neck
mobility in plesiosaurs, using the exceptionally preserved Nichollssaura borealis. Royal
Society Open Science, 5(8), 172307.
Nowroozi, B. N., Harper, C. J., Kegel, D. B., Adriaens, D., & Brainerd, E. L. (2012). Regional
variation in morphology of vertebral centra and intervertebral joints in striped bass,
Morone saxatilis. Journal of Morphology, 273(4), 441–452
Nowroozi, & Brainerd, E. L. (2012). Regional variation in the mechanical properties of the
vertebral column during lateral bending in Morone saxatilis. Journal of The Royal
Society Interface, 9(75), 2667–2679.
Nowroozi, B. N., & Brainerd, E. L. (2013). X-ray motion analysis of the vertebral column
during the startle response in striped bass, Morone saxatilis. Journal of Experimental
Biology, 216(15), 2833-2842.

Bibliography

186

Nowroozi, B. N., & Brainerd, E. L. (2013). Importance of mechanics and kinematics in
determining the stiffness contribution of the vertebral column during body-caudal-fin
swimming in fishes. Zoology (Jena, Germany), 117(1), 28–35.
Olsen, A. M. (2017). Feeding ecology is the primary driver of beak shape diversification in
waterfowl. Functional Ecology, 31(10), 1985-1995.
Olson, E. C. (1936). The dorsal axial musculature of certain primitive Permian tetrapods.
Journal of Morphology, 59(2), 265-311.
Olson, E. C. (1976). The exploitation of land by early tetrapods. Morphology and Biology of
Reptiles, 1–30.
Olson, E. C. (1972). Fayella chickashaensis, the Dissorophoidea and the Permian terrestrial
radiations. Journal of Paleontology, 104–114.
O'Reilly, J. C., Summers, A. P., & Ritter, D. A. (2000). The evolution of the functional role of
trunk muscles during locomotion in adult amphibians. American Zoologist, 40(1), 123135.
Organ, C. L., & Adams, J. (2005). The histology of ossified tendon in dinosaurs. Journal of
Vertebrate Paleontology, 25(3), 602-613.
Pardo, J. D., Szostakiwskyj, M., Ahlberg, P. E., & Anderson, J. S. (2017). Hidden
morphological diversity among early tetrapods. Nature, 546(7660), 642-645.

Bibliography

187

Pardo, J. D., Small, B. J., & Huttenlocker, A. K. (2017). Stem caecilian from the Triassic of
Colorado sheds light on the origins of Lissamphibia. Proceedings of the National
Academy of Sciences, 114(27), E5389–E5395.
Panchen, A. L. (1966). The axial skeleton of the labyrinthodont Eogyrinus attheyi. Journal of
Zoology, 150(2), 199-222.
Panchen, A. L. (1967). The homologies of the labyrinthodont centrum. Evolution,21(1), 24-33.
Panchen, A. L. (1977). The Origin and Early Evolution of Tetrapod Vertebrae. Linnean
Society Symposium: Problems in Vertebrate Evolution, 289–318.
Parrington, F. R. (1967). The vertebrae of early tetrapods. Colloques International Du Centre
National de La Researche Scientifique, 163, 271–272.
Parrington, F. R. (1977). Intercentra: a possible functional interpretation. Linnean Society
Symposium Series, 4,397-401.
Pawley, K., & Warren, A. (2005). A terrestrial stereospondyl from the Lower Triassic of
South Africa: the postcranial skeleton of Lydekkerina huxleyi (Amphibia:
Temnospondyli). Palaeontology, 48(2), 281-298.
Pawley, K. A. T. (2007). The postcranial skeleton of Trimerorhachis insignis Cope, 1878
(Temnospondyli: Trimerorhachidae): a plesiomorphic temnospondyl from the Lower
Permian of North America. Journal of Paleontology, 81(5), 873-894.

Bibliography

188

Pennell, M. W., Eastman, J. M., Slater, G. J., Brown, J. W., Uyeda, J. C., FitzJohn, R. G., ... &
Harmon, L. J. (2014). geiger v2. 0: an expanded suite of methods for fitting
macroevolutionary models to phylogenetic trees. Bioinformatics, 30(15), 2216-2218.
Piekarski, N., & Olsson, L. (2014). Resegmentation in the Mexican axolotl, Ambystoma
mexicanum. Journal of morphology, 275(2), 141-152.
Pierce, S E, Clack, J. A., & Hutchinson, J. R. (2011). Comparative axial morphology in
pinnipeds and its correlation with aquatic locomotory behaviour. Journal of Anatomy,
219(4), 502–514.
Pierce, Stephanie E, Ahlberg, P. E., Hutchinson, J. R., Molnar, J. L., Sanchez, S., Tafforeau,
P., & Clack, J. A. (2013). Vertebral architecture in the earliest stem tetrapods. Nature,
494(7436), 226–229.
Pierce, S. E., Clack, J. A., & Hutchinson, J. R. (2012). Three-dimensional limb joint mobility
in the early tetrapod Ichthyostega. Nature. 486(7404)
Pierce, S. E, Hutchinson, J. R., & Clack, J. A. (2013). Historical Perspectives on the Evolution
of Tetrapodomorph Movement. Integrative and Comparative Biology, 53(2), 209–223.
Porter, M. E., & Long, J. H. (2010). Vertebrae in compression: Mechanical behavior of arches
and centra in the gray smooth‐hound shark (Mustelus californicus). Journal of
Morphology, 271(3), 366–375.
Porter, M. M., Adriaens, D., Hatton, R. L., Meyers, M. A., & McKittrick, J. (2015). Why the
seahorse tail is square. Science, 349(6243), aaa6683.

Bibliography

189

Porter, M. M., & Ravikumar, N. (2017). 3D-printing a ‘family’of biomimetic models to
explain armored grasping in syngnathid fishes. Bioinspiration & biomimetics, 12(6),
066007.
Pusey, J. L., Duperret, J. M., Haynes, G. C., Knopf, R., & Koditschek, D. E. (2013, May).
Free-standing leaping experiments with a power-autonomous elastic-spined quadruped.
In Unmanned Systems Technology XV (Vol. 8741, p. 87410W). International Society for
Optics and Photonics.
R Core Team (2017). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-project.org/.

Randau, M., Goswami, A., Hutchinson, J. R., Cuff, A. R., & Pierce, S. E. (2016). Cryptic
complexity in felid vertebral evolution: shape differentiation and allometry of the axial
skeleton. Zoological Journal of the Linnean Society, 178(1), 183–202.
Reilly, S. M., McElroy, E. J., Odum, A. R., & Hornyak, V. A. (2006). Tuataras and
salamanders show that walking and running mechanics are ancient features of tetrapod
locomotion. Proceedings of the Royal Society B: Biological Sciences, 273(1593), 1563–
1568.
Reisz, R., Schoch, R., & Anderson, J. (2009). The armoured dissorophid Cacops from the
Early Permian of Oklahoma and the exploitation of the terrestrial realm by amphibians.
Naturwissenschaften, 96(7), 789.-796

Bibliography

190

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology (and other
things). Methods in ecology and evolution, 3(2), 217-223.
Revell, L. J. (2014). Ancestral character estimation under the threshold model from
quantitative genetics. Evolution, 68(3), 743-759.
Ritter, D. A. (1999). Axial muscle function in the locomotion of lower tetrapods and the
evolution of vertebrate terrestrial locomotion.
Rockwell, H., Evans, G. F., & Pheasant, H. C. (1938). The comparative morphology of the
vertebrate spinal column. Its form as related to function. Journal of Morphology, 63(1),
87–117.
Romer, A. S, & Witter, R. V. (1942). Edops, a primitive rhachitomous amphibian from the
Texas red beds. The Journal of Geology, 50(8), 873–894.
Romer, A. S. (1944). The Permian cotylosaur Diadectes tenuitectus. American Journal of
Science, 242(3), 139-144.
Romer, A. S. (1947). Review of the Labyrinthodontia. Bulletin of the Museum of Comparative
Zoology Harvard 99, 1-367.
Romer, A. S. (1956). Osteology of the reptiles Chicago. Osteology of the Reptiles, Chicago,
IL: Univ. Chicago Press.
Ruta, M., Coates, M. I., & Quicke, D. L. (2003). Early tetrapod relationships
revisited. Biological Reviews, 78(2), 251-345.

Bibliography

191

Ruta, M., & Benton, M. J. (2008). Calibrated diversity, tree topology and the mother of mass
extinctions: the lesson of temnospondyls. Palaeontology, 51(6), 1261–1288
Russo, G. A. (2010). Prezygapophyseal articular facet shape in the catarrhine thoracolumbar
vertebral column. American journal of physical anthropology, 142(4), 600-612.
Salem, W., Lenders, C., Mathieu, J., Hermanus, N., & Klein, P. (2013). In vivo threedimensional kinematics of the cervical spine during maximal axial rotation. Manual
Therapy, 18(4), 339–344.
Salisbury, S. W., & Frey, E. (2000). Crocodilian biology and evolution (pp. 85-134). Surrey
Beatty & Sons.
Samagh, S. P., Rosen, C. D., Otarodifard, K., Kornswiet, M., Palmer, G., & Lee, T. Q. (2011).
New method for determining apparent axial center of rotation of lumbar and thoracic
spine segments. The Journal of Rehabilitation Research and Development, 48(5), 587596
Sanchez, S., Germain, D., De Ricqlès, A., Abourachid, A., Goussard, F., & Tafforeau, P.
(2010). Limb‐bone histology of temnospondyls: implications for understanding the
diversification of palaeoecologies and patterns of locomotion of Permo‐Triassic
tetrapods. Journal of evolutionary biology, 23(10), 2076-2090.
Säve-Söderbergh, G. (1934). Some points of view concerning the evolution of the vertebrates
and the classification of this group. Arkiv För Zoologi, 26, 1–20.
Schilling, N., & Deban, S. M. (2010). Fiber‐type distribution of the perivertebral musculature
in Ambystoma. Journal of Morphology, 271(2), 200-214.

Bibliography

192

Schilling, N. (2011). Evolution of the axial system in craniates: morphology and function of
the perivertebral musculature. Frontiers in Zoology, 8(1), 1–19.
Schoch, R. R. (1999). Comparative Osteology of Mastodonsaurus Giganteus (Jaeger, 1828)
from the Middle Triassic (Lettenkeuper: Longobardian) of Germany (BadenWürttemberg, Bayern, Thüringen); with 4 Plates.
Schoch, R. R., Fastnacht, M., Fichter, J., & Keller, T. (2007). Anatomy and relationships of
the Triassic temnospondyl Sclerothorax. Acta Palaeontologica Polonica, 52(1), 117-136.
Schoch, R. R. (2012). Character distribution and phylogeny of the dissorophid
temnospondyls. Fossil Record, 15(2), 121-137.
Schoch, R. R. (2013). The evolution of major temnospondyl clades: an inclusive phylogenetic
analysis. Journal of Systematic Palaeontology, 11(6), 673-705.
Schoch, R. R. (2014). Life cycles, plasticity and palaeoecology in temnospondyl
amphibians. Palaeontology, 57(3), 517-529.
Shishkin M.A. (1987). Evolution of early amphibians (Plagiosauroidea). Paleontologiceskogo
Instituta Akademiya Nauk USSR, 225, 1–143.
Sellers, W. I, Manning, P. L., Lyson, T., Stevens, K., & Margetts, L. (2009). Virtual
Palaeontology: Gait Reconstruction of Extinct Vertebrates Using High Performance
Computing. In Palaeontologia Electronica, 12(2)

Bibliography

193

Sellers, W. I., Pond, S. B., Brassey, C. A., Manning, P. L., & Bates, K. T. (2017).
Investigating the running abilities of Tyrannosaurus rex using stress-constrained
multibody dynamic analysis. PeerJ, 2017(7).
Sellers, W.I., & Manning, P. L. (2007). Estimating dinosaur maximum running speeds using
evolutionary robotics. Proceedings of the Royal Society B: Biological Sciences,
274(1626), 2711–2716. https://doi.org/10.1098/rspb.2007.0846
Sellers, William Irvin, Margetts, L., Ébal Coria, R. A., & Manning, P. L. (2013). March of the
titans: The locomotor capabilities of sauropod dinosaurs. PLoS ONE, 8(10).
Senter, P., & Robins, J. H. (2005). Range of motion in the forelimb of the theropod dinosaur
Acrocanthosaurus atokensis, and implications for predatory behaviour. Journal of
Zoology, 266(3), 307–318.
Shapiro, L. (1995). Functional morphology of indrid lumbar vertebrae. American Journal of
Physical Anthropology, 98(3), 323-342.
Shapiro, L. J., Demes, B., & Cooper, J. (2001). Lateral bending of the lumbar spine during
quadrupedalism in strepsirhines. Journal of Human Evolution, 40(3), 231–259
Shapiro, L. J., & Simons, C. V. M. (2002). Functional aspects of strepsirrhine lumbar vertebral
bodies and spinous processes. Journal of Human Evolution, 42(6), 753–783
Shapiro, L. J. (2007). Morphological and functional differentiation in the lumbar spine of
lorisids and galagids. American Journal of Primatology, 69(1), 86–102.

Bibliography

194

Shin, J.-H., Wang, S., Yao, Q., Wood, K. B., & Li, G. (2013). Investigation of coupled
bending of the lumbar spine during dynamic axial rotation of the body. European Spine
Journal, 22(12), 2671–2677.
Sigurdsen, T., & Bolt, J. R. (2010). The Lower Permian amphibamid Doleserpeton
(Temnospondyli: Dissorophoidea), the interrelationships of amphibamids, and the origin
of modern amphibians. Journal of Vertebrate Paleontology, 30(5), 1360-1377.
Simons, R. S., & Brainerd, E. L. (1999). Morphological variation of hypaxial musculature in
salamanders (Lissamphibia: Caudata). Journal of morphology, 241(2), 153-164.
Skews, B. W. (2016). Hydrodynamics of an extinct amphibian. Journal of Applied Fluid
Mechanics, 9(6), 1735–3645.
Slijper, E. (1946). Comparative biologic anatomical investigations on the vertebral column
and spinal musculature of mammals. Verhandelingen, Afdeling Natuurkunde Koninklijke
Nederlandse Akademie van Wetenschappen Tweede sectie, 17(5), 1-128.
Samagh, S. P., Rosen, C. D., Otarodifard, K., Kornswiet, M., Palmer, G., & Lee, T. Q. (2011).
New method for determining apparent axial center of rotation of lumbar and thoracic
spine segments. Journal of rehabilitation research and development, 48(5), 587-596
Snively, E., Cotton, J. R., Ridgely, R., & Witmer, L. M. (2013a). Multibody dynamics model
of head and neck function in Allosaurus (Dinosauria, Theropoda). Palaeontologia
Electronica, 16(2), 11A.
Stevens, K. A. (2002). DinoMorph: Parametric Modeling of Skeletal Structures.
Senckenbergiana Lethea, 82(1), 23–34.

Bibliography

195

Stevens, K. A. (2013). The articulation of sauropod necks: methodology and mythology. PLoS
One, 8(10).
Stevens, K. A., & Parrish, J. M. (1999). Neck posture and feeding habits of two Jurassic
sauropod dinosaurs. Science, 284(5415), 798-800.
Steyer, J. S., Damiani, R., Sidor, C. A., O'Keefe, F. R., Larsson, H. C., Maga, A., & Ide, O.
(2006). The vertebrate fauna of the Upper Permian of Niger. IV. Nigerpeton ricqlesi
(Temnospondyli: Cochleosauridae), and the edopoid colonization of Gondwana. Journal
of Vertebrate Paleontology, 26(1), 18-28.
Sulej, T. O. (2007). Osteology, variability, and evolution of Metoposaurus, a temnospondyl
from the Late Triassic of Poland. Polnica, 64, 29–139.
Sumida, S. S. (1990a). Diadectidae. In Vertebral morphology, alternation of neural spine
height, and structure in Permo-Carboniferous tetrapods, and a reappraisal of primitive
modes of terrestrial locomotion (22nd ed., pp. 55–58). University of California Press.
Sumida, S. S. (1990b). Functional Analyses. In Vertebral morphology, alternation of neural
spine height, and structure in Permo-Carboniferous tetrapods, and a reappraisal of
primitive modes of terrestrial locomotion (22nd ed., pp. 93–103). University of California
Press
Sutton, A. J., & Abrams, K. R. (2001). Bayesian methods in meta-analysis and evidence
synthesis. Statistical methods in medical research, 10(4), 277-303.
Taylor, M. P., Wedel, M. J., & Naish, D. (2009). Head and neck posture in sauropod dinosaurs
inferred from extant animals. Acta Palaeontologica Polonica, 54(2), 213-220.

Bibliography

196

Thomason, J. (Ed.). (1997). Functional morphology in vertebrate paleontology. Cambridge
University Press.
Upchurch, P. (2000). Neck posture of sauropod dinosaurs. Science, 287(5453), 547-547.
Viglino, M., Flores, D. A., Ercoli, M. D., & Álvarez, A. (2014). Patterns of morphological
variation of the vertebral column in dolphins. Journal of Zoology, 294(4), 267–277.
Wachs, K., Fischer, M. S., & Schilling, N. (2016). Three-dimensional movements of the pelvis
and the lumbar intervertebral joints in walking and trotting dogs. Veterinary Journal
(London, England : 1997), 210, 46–55.
Wake, D. B., & Lawson, R. (1973). Developmental and adult morphology of the vertebral
column in the plethodontid salamander Eurycea bislineata, with comments on vertebral
evolution in the amphibia. Journal of Morphology, 139(3), 251–299.
Watanabe, A. (2018). How many landmarks are enough to characterize shape and size
variation?. PloS one, 13(6).
Warren, A., & Snell, N. (1991). The postcranial skeleton of Mesozoic temnospondyl
amphibians: a review. Alcheringa: An Australasian Journal of Palaeontology, 15(1), 43–
64.
Warren, A. (1998a). Laidleria uncovered: a redescription of Laidleria gracilis Kitching
(1957), a temnospondyl from the Cynognathus Zone of South Africa. Zoological Journal
of the Linnean Society, 122(1-2), 167-185.

Bibliography

197

Warren, A. (1999). Karoo tupilakosaurid: a relict from Gondwana. Earth and Environmental
Science Transactions of The Royal Society of Edinburgh, 89(3), 145-160.
Warren, A., Rozefelds, A. C., & Bull, S. (2011). Tupilakosaur-like vertebrae in Bothriceps
australis, an Australian brachyopid stereospondyl. Journal of Vertebrate
Paleontology, 31(4), 738-753.
Watson, D. M. S. (1958). A new labyrinthodont (Paracyclotosaurus) from the Upper Trias of
New South Wales. Bulletin of the British Museum of Natural History London, 3, 233–
263.
Werneburg, R., & Berman, D. S. (2012). Revision of the Aquatic Eryopid Temnospondyl
Glaukerpeton avinoffi Romer, 1952, from the Upper Pennsyl Vanian of North
America. Annals of Carnegie Museum, 81(1), 33-60.
Werneburg, R., Steyer, J. S., Sommer, G., Gand, G., Schneider, J. W., & Vianey-Liaud, M.
(2007). The earliest tupilakosaurid amphibian with diplospondylous vertebrae from the
Late Permian of southern France. Journal of Vertebrate Paleontology, 27(1), 26-30.
Werneburg, I., Hinz, J. K., Gumpenberger, M., Volpato, V., Natchev, N., & Joyce, W. G.
(2014). Modeling neck mobility in fossil turtles. Journal of Experimental Zoology. Part
B, Molecular and Developmental Evolution, 324(3), 230–243.
Werner, Y. L. (1971). The ontogenic development of the vertebrae in some Gekkonoid lizards.
Journal of Morphology, 133(1), 41–91
Willia, E. E. (1959). Gadow’s arcualia and the development of tetrapod vertebrae. The
Quarterly Review of Biology, 34(1), 1–32

Bibliography

198

Williston, S. W. (1908). The skull and extremities of Diplocaulus. Transactions of the Kansas
Academy of Science (1903-), 22, 122-131.
Witmer, L. M. (1995). The extant phylogenetic bracket and the importance of reconstructing
soft tissues in fossils. Functional morphology in vertebrate paleontology, 1, 19-33.
Witzmann, F., & Schoch, R. R. (2005). Skeletal development of the temnospondyl
Acanthostomatops vorax from the Lower Permian Döhlen Basin of Saxony. Earth and
Environmental Science Transactions of the Royal Society of Edinburgh, 96(4), 365-385.
Witzmann, F., & Brainerd, E. (2017). Modeling the physiology of the aquatic temnospondyl
Archegosaurus decheni from the early Permian of Germany. Fossil Record, 20(2), 105–
127.
Witzmann, F., & Soler‐Gijón, R. (2010). The bone histology of osteoderms in temnospondyl
amphibians and in the chroniosuchian Bystrowiella. Acta Zoologica, 91(1), 96-114.
Worthington, R. D., & Wake, D. B. (1972). Patterns of regional variation in the vertebral
column of terrestrial salamanders. Journal of Morphology, 137(3), 257–277.
Yang, G. Z., Bellingham, J., Dupont, P. E., Fischer, P., Floridi, L., Full, R., ... & Nelson, B. J.
(2018). The grand challenges of Science Robotics. Science robotics, 3(14).

199

INDEX
3D Modeled Paleozoic Taxa
A. crassidisca, , 78, 80-83, 100-106, 154 -155
C. aspidephorus, 78, 81-94, 96, 98, 103, 105, 106, 156, 157, 158
D. sideropelicus, 78, 80 -99, 105, 159, 160
Di. magnicornis, 78, 80- 99, 103, 105, 106, 161, 162, 163
P. bolli, 78, 80- 99, 103, 105, 106, 164, 165, 166

Gait
Bottom-walkers, 39
Swimming, 1, 3, 8, 38-39, 41, 76, 97, 116, 167-169, 179, 180-181
Walking, 22, 35, 116, 170, 184, 190

Habitat
Aquatic, 1, 9, 10-13, 18, 20, 23-27, 29, 30, 31- 46, 74-78, 93, 95, 116, 128, 172, 174, 179,

183, 192
Terrestrial, 1, 9, 11, 12, 18, 19, 20, 22-41, 46, 75- 79, 92-98, 116, 128, 167, 171-174, 181-

185, 190, 193

Intervertebral Joint, 95, 117, 174

200

Vertebral Compositional Type
Gastrocentrous, 10, 11, 42, 73-78
Holospondylous, 43, 102-103
Plagiosaurid, 11, 42, 134, 135, 136
Rhachitomous, 10, 11, 14, 21, 41-42, 73-79, 80, 86, 88, 89, 92-100, 128, 170, 185
Stereospondylous, 10, 42, 132-136

